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PREFACE
This report is a followup of one which was prepared in 1950 as
part of the U.S. Geological Survey's contribution to the President's
Water Resources Policy Commission and which was published in
1951 as Geological Survey Circular 114.
The President's Water Resources Policy Commission was one of
a number of similar bodies set up from time to time before and
since 1950 to consider national water problems and needs. Those
established back as far as the administration of President Theodore
Roosevelt, and the conclusions they reached, are summarized in
Committee Print 2 of the Senate Select Committee on National
Water Resources, itself established in 1959. All these bodies have
called on Federal and other public and private agencies for information on the subject matter of their deliberations.
The situation in the 1950's differed somewhat from that of earlier
decades. Both the use of ground water and the public consciousness
of water problems in general, after a long period of gradual increase,
were coming into full bloom. Ground-water pumpage in the Nation
increased from something between 20 and 25 billion gallons per day
in 1945 to 30 bgd or somewhat more in 1950 and about 47 bgd in
1960. Among bodies concerned principally or in part with water
supply, the President's Water Resources Policy Commission was
followed in rapid succession by the President's Materials Policy
Commission, the House Subcommittee to Study Civil Works, the
Missouri Basin Survey Commission, the Commission on Intergovernmental Relations, the Commission on Organization of the Executive
Branch of the Government, the Presidential Advisory Committee on
Water Resources Policy, and, finally, the Senate Select Committee
on National Water Resources. And, as the public began to appreciate
the seriousness of the Nation's water problems, the flow of articles
and books on water by both lay and professional authors grew from
a trickle to a flood.
Why, then, this additional report? It was prepared for three
correlative reasons: because ground water is destined to play an
increasingly important role in the Nation's effort to supply itself
adequately with water; because not since 1950 has there been a
comprehensive review, region by region and State by State, of the
ground-water situation, problems, and prospects; and because the
Geological Survey as the Nation's chief furnisher of water facts for
others to act on is in a unique position through its widespread
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investigations to supply the factual information needed. It is hoped
that this report will be helpful both in focusing public attention on
specific water problems and in providing a guide to some of the
information that is already available or will be needed as a basis
for rational, effective solution of these problems.
The report is based essentially on published reports and unpublished data of the Geological Survey and the agencies Federal,
State, and local that cooperate formally or informally with the
Survey in its water studies. The most significant unpublished data
that were used were summaries for each of the 50 States, Puerto
Rico, the American Virgin Islands, Guam, and American Samoa
prepared early in 1961 by district and subdistrict offices of the
Survey's Ground Water Branch with the help of sister branches
and cooperating agencies. Special thanks are due the following agencies, which furnished much or most of the information included
in the summaries for two States where cooperative ground-water
studies are not carried on by the Federal Survey:
Illinois State Geological Survey Division, Urbana, 111., Dr.
John C. Frye, Chief.
Illinois State Water Survey Division, Urbana, 111., Mr. William
C. Ackermann, Chief.
Missouri Division of Geological Survey and Water Resources,
Holla, Mo., Dr. Thomas R. Beveridge, State Geologist.
Special thanks are due also to the writer's colleagues in the district
and project offices of the Ground Water Branch and elsewhere in
the Water Resources Division, whose brains he has picked in preparing this report and many of whose contributions are copied
verbatim, or nearly so, without specific credit in the sections on the
individual States. A list of those who prepared the summaries on
the 50 States and other areas follows:
Location of district or
subdistrkt (sub.) office

State or area
Alabama. _________
Alaska.___________
_________

Tuscaloosa
Anchorage.
Tucson____

Arkansas._________
California _________

Little Rock.
Sacramento-

Colorado. _ ________
Connecticut______

Denver_ __ _
Middletown (sub.).

Delaware__________
Florida_ _________
Georgia. __________
Hawaii, Guam, and
American Samoa.

Newark____
Tallahassee.
Atlanta. ___
Honolulu. _.

Author («) of summary

P. E. LaMoreaux and W. J. Powell.
R. M. Waller.
P. E. Dennis, P. W. Johnson, and
Natalie D. White.
H. N. Halberg.
E. J. McClelland and Fred Kunkel,
updating 1950 report by J. F.
Poland and J. E. Upson.
D. L. Coffin.
A. M. LaSala, Jr., updating 1950
report by B. L. Bigwood and
R. V. Cushman.
O. J. Coskery.
N. D. Hoy.
J. T. Callahan.
D. A. Davis.
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State or area

Location of district or
subdistrict (sub.) office

Idaho-_--___---_-Illinois_-_________-

Boise ____________
Madison, Wis_____

Indiana- __________
Iowa____________
Kansas_ _________
Kentucky. ________
Louisiana__________
Maine___________
Maryland _________
Massachusetts _____
Michigan.. _ _______
Minnesota_____--__

Indianapolis. _.
Iowa City__-_.
Lawrence _ _.
Louisville___.
Baton Rouge_.
Augusta (sub.).
Baltimore
Boston. _______
Lansing_ _
St.

Mississippi- ________

Jackson _________

Missouri_________

Little Rock, Ark.

Montana_-____-_-_
Nebraska..--______
Nevada. _--__--___
New Hampshire,...
New Jersey- _-__-__
New Mexico.-.---.

Billings- __ __Lincoln. ____.
Carson City_.
Boston, Mass.
Trenton.__ _ _.
Albuquerque..

New York:
Upstate _______
Long Island.___
North Carolina.---North Dakota______

Albany_______.
Mineola (sub.).
Raleigh-______
Grand Forks._.

Ohio ______________
Oklahoma-________
Oregon. ___________
Pennsylvania ______
Puerto Rico________
Rhode Island --_.__
South Carolina.---South Dakota......

Columbus ________
Oklahoma City___
Portland ________
Harrisburg ______
San Juan________
Providence (sub.).
Columbia-_____
Huron. _________

Author (s) of summary

M. J. Mundorff.
C. L. R. Holt, Jr., with assistance of
H. F. Smith, Head, Engineering
Section, Illinois State Water Survey Division, and G. B. Maxey,
Head, Ground Water Geology
Section, Illinois State Geological
Survey Division.
D. G. Jordan and C. M. Roberts.
W. L. Steinhilber.
V. C. Fishel.
E. A. Bell.
J. L. Snider.
G. C. Prescott.
Claire A. Richardson.
O. M. Hackett.
K. E. Vanlier.
R. F. Brown, R. D. Cotter, G. R.
Schiner, R. F. Norvitch, and
R. W. Maclay.
E. J. Harvey, J. A. Callahan, and
J. W. Lang.
H. N. Halberg and J. W. Stephens,
with assistance of T. R. Beveridge,
State Geologist, and D. F. Fuller,
Senior Geologist, Missouri Division of Geological Survey and
Water Resources, and Anthony
Homyk, U.S. Geological Survey,
Rolla, Mo.
F. A. Swenson.
C. F. Keech.
O. J. Loeltz and G. T. Malmberg.
O. M. Hackett and J. M. Weigle.
S. S. Subitzky.
Personnel of district office under
supervision of W. E. Hale, district engineer.
R. C. Heath.
N. M. Perlmutter.
P. M. Brown.
Edward Bradley, updating 1950
report by H. M. Erskine and
G. A. LaRocque.
S. E. Norris.
A. R. Leonard.
B. L. Foxworthy.
J. E. Barclay.
Ted Arnow.
W. B. Alien.
G. E. Siple.
L. W. Howells and J. E. Powell.
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State or area

Location of district or
subdistrict (sub.) office

Tennessee _________
Texas--_-__--_---_

Nashville_ _______
Austin. ___.__.__-.

Utah__------___-._
Vermont-.--...---

Salt Lake City_-___
_---___----_-----_

Virginia___________
Virgin Islands___.
Washington______
West Virginia._____
Wisconsin, ________

Trenton, N.J______
San Juan, P.R_____
Tacoma.----.-.--Morgantown_____
Madison. _________

Wyoming__________

Cheyenne. ________

Author(s) of summary

J. H. Criner.
A. G. Winslow, L. A. Wood, E. R.
Leggat, J. G. Cronin, R. C.
Baker, Richard Marvin, R. K.
Gabrysch, W. H. Alexander,
Sergio Garza, and B. N. Myers.
H. D. Goode.
(No 1960 report; 1950 report by
H. B. Kinnison and J. E. Upson).
Alien Sinnott.
I. G. Grossman.
A. A. Garrett and K. L. Walters.
Gerald Meyer.
C. L. R. Holt, Jr., and D. B.
Knowles.
E. D. Gordon and H. A. Whitcomb.

The same offices that prepared the summaries reviewed the sections of this report on the individual States and other areas. The
sections were reviewed also by the district offices of the Surface
Water and Quality of Water Branches, and by the principal State
cooperating agencies. All the reviewers were most helpful in detecting
errors and supplying additional information. Their efforts, which
have added materially to the scope and authenticity of the individual
sections, are sincerely appreciated.
The general part of the report, including the descriptions of the
ground-water regions, and the descriptions for the States within
their areas, were reviewed by the following, who as of 1961 were
Branch Area Chiefs of the Ground Water Branch: H. (X Barksdale,
Arlington, Va. (Atlantic Coast area), W. J. Drescher, Madison, Wis.
(Midcontinent area), T. G. McLaughlin, Denver, Colo. (Rocky
Mountain area), and G. F. Worts, Jr., Menlo Park, Calif. (Pacific
Coast area).
The writer wishes to acknowledge his debt to the Senate Select
Committee on National Water Resources and to the agencies and
persons that contributed to the 32 Committee Prints and the final
report of the Committee. These documents represent the considered
judgment of the principal public agencies concerned with water,
including the governments of the 50 States and Puerto Rico, and
of some of the principal private agencies as to water problems and
means for their solution. They furnish in relatively brief form a
comprehensive background on the Nation's water problems against
which this report can be viewed in proper perspective. And, they
represent a distillation and concentration of the knowledge of
thousands of informed people which greatly reduced the amount
of background reading that otherwise would have been necessary in
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the preparation of this report. The concluding part of the main
text, pages 77-120 uses the report of the Senate Select Committee as
background for a discussion of the principal water-related problems
facing the Nation and of some measures required for an attack on the
problems.
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THE ROLE OF GROUND WATER IN THE NATIONAL
WATER SITUATION
By C. L. McGuiNNESs
ABSTRACT

Ground water in the United States has emerged from a quantitatively minor
(though incalculably valuable) water source, whose chief role was in the
settlement of primitive areas, to a major source now accounting for one-fifth
to one-sixth of the Nation's total withdrawal requirements for water. With the
growth in ground-water withdrawals is an accompanying growth in the realization that large-scale development of ground water is feasible only on the basis
of a fuller understanding than has existed to date of the complex interrelations
of the hydrologic cycle and of ground water's place in the cycle.
This report outlines briefly the principles of water occurrence and describes
the water situation in the United States as of 1960-61, with emphasis on the
occurrence of ground water and the status of development and accompanying
problems. The Nation has been divided into 10 major ground-water regions
by H. E. Thomas (1952a). The report summarizes the occurrence and development of ground water in each of Thomas' regions. In a large terminal section
it also describes the occurrence and development of water, again with emphasis
on ground water, in each of the 50 States and in certain other areas. The main
text ends with a discussion of the water situation and prospects of the Nation,
and of the role to be played by ground water in meeting future needs.
The 10 ground-water regions, in the order listed by Thomas and followed
here, are the Western Mountain Ranges, the Alluvial Basins (Thomas' Arid
Basins), the Columbia Lava Plateau, the Colorado Plateaus and Wyoming
Basin (Thomas' Colorado Plateau), the High Plains (Thomas' Great Plains),
the Unglaciated and Glaciated Central regions, the Unglaciated and Glaciated
Appalachian regions, and the Atlantic and Gulf Coastal Plain.
The Western Mountain Ranges include the northern Coast Ranges, the
Cascade Range and Sierra Nevada, the isolated ranges of the Basin and Range
province, and the Rocky Mountains. They are the West's precipitation-catching
and water-shedding highlands, serving as the major sources of water for the
vast "have not" area surrounding them. Built largely of dense, relatively
impermeable rocks, they are largely unfavorable for the occurrence of ground
water. As defined, however, they include a few sizable bodies of alluvium and
permeable bedrock, as well as weathered rock and fractures in unweathered
rock, which absorb, store, and transmit ground water. Their relatively small
water needs generally are met readily from streams, springs, or wells, and they
have a large surplus of water for export to the adjacent drier lowlands.
The Alluvial Basins include the alluvial lowlands of the Basin and Range
province and of the southern and larger part of coastal California. As defined
they include a separate area, the alluvial lowland of the Puget-Willamette
trough between the Coast Ranges and the Cascade Range in Oregon and
Washington. At the northwest end of the main body of the region they overlap
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with the Columbia Lava Plateau in an area in which block-fault mountains of
volcanic rocks alternate with alluvial basins. On the southeast they overlap
similarly with the Unglaciated Central region.
The Alluvial Basins include areas of water-bearing alluvium which constitute
the principal residential, agricultural, and industrial sites of the Southwest.
They have an enormous present water demand, and a still greater potential
demand by virtue of their current rapid population growth and of the presence
of fertile land in amounts greatly exceeding that which currently is irrigated
or conceivably could be supplied with water. The region accounts for a large
share of the Nation's existing and potential water problems. Available
streamflow, which serves both as a direct source of water and as the chief
source of ground-water recharge, is largely appropriated. Ground water is
withdrawn on a large scale, in many parts of the region at rates far in excess
of replenishment. Problems of soil erosion and sedimentation of streams and
reservoirs are widespread. The chemical quality of water is naturally poor in
large parts of the region and is becoming or may become so in other parts
as a result of continued withdrawal and use of water.
Methods for alleviating the water situation include development of the
region's remaining potential surface- and ground-water supply; reduction of
avoidable waste including excessive irrigation applications, salvage of water
transpired by low-value phreatophytes, and reduction of evaporation from
reservoirs; improved waste treatment and increased reuse of water; increases
in runoff by watershed management; increases in precipitation by weather
modification, to the extent feasible; and conversion of irrigated land to other
uses returning more dollars per acre-foot of water. A large share of the
Nation's water-resource effort will have to be devoted to this region.
The Columbia Lava Plateau is a rather high, rather dry area between the
Cascade Range and the Rocky Mountains, underlain by volcanic rocks which
are largely rather permeable basalt and which are interbedded with or overlain by unconsolidated sediments both permeable and impermeable. The region
is traversed by large streams draining the adjacent mountains, and some of its
plateaus are high enough to receive substantial precipitation themselves. The
large water supply in the streams and water-bearing rocks is developed on a
major scale for irrigation. The region has large remaining potentialities for
water-resource development if the intimate relation between streams and
aquifers is taken fully into account and if problems of competition such as
between irrigation and hydropower generation can be resolved.
The Colorado Plateaus and Wyoming Basin lie mainly between the Great
Basin section of the Basin and Range province and the Rocky Mountains. The
region consists mainly of high, dry, dissected plateaus underlain by sedimentary
rocks, principally shale and sandstone. It is drained mainly by the Colorado
River and its tributaries. In both surface water and ground water, it compares
unfavorably with the Columbia Lava Plateau. Irrigation is relatively unimportant, and in large areas even domestic and stock water is difficult or
expensive to get. The region has valuable industrial assets in its oil and gas,
oil shale, coal, uranium, potash, and other mineral deposits. Water is the key
to the future of the region, and full development of the surface water and
exploration for and full development of the ground water will be essential.
The High Plains ground-water region coincides approximately with the High
Plains section of the Great Plains physiographic province. It lies east of,
but in most of its extent is separated by scores of miles from, the Rocky
Mountains in the stretch from Nebraska and southeastern Wyoming on the
north to the High Plains of Texas and adjacent New Mexico on the south.
It is the remnant of a formerly continuous alluvial plain stretching from the
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Rocky Mountains and the chain of block-fault mountains on the south to and
in places perhaps beyond the eastern parts of Nebraska. Kansas, Oklahoma,
and Texas. The alluvium, known in general as the Ogallala Formation, is
largely permeable and yields hundreds of gallons per minute to many thousand
wells, used largely for irrigation but meeting also most needs for municipal
and industrial supply.
The High Plains region is crossed by several large streams that head in the
Rockies, and their water is largely appropriated for irrigation within and
downstream from the boundaries of the region. Except in a few places along
these streams, the recharge of the Ogallala Formation is derived entirely from
local precipitation. The recharge from precipitation is generally small, an inch
of water per year or less (in large areas much less), except in areas where the
surficial sediments are sandy. Small sandy areas are scattered throughout the
region, but by far the largest sandy area is in central Nebraska, where dune
sand covering hundreds of square miles absorbs nearly all the precipitation
and transmits it to the water table in amounts ranging from 1 to as much as
5 inches per year.
Pumping of ground water is greatest in the southern High Plains of Texas
but is growing rapidly in other parts of the High Plains region except the
Sand Hills of Nebraska. Recharge is still being balanced by natural discharge
at the edges of the plains, which has not yet been affected by the pumping.
Thus, virtually all the water pumped, in effect, is coming out of storage. The
disparity is most marked in the southern High Plains of Texas, where the
withdrawal in recent years has been about 5 million acre-feet per year and
the recharge is perhaps 50,000 to 75,000 acre-feet per year. In such areas the
withdrawal inevitably must decrease as storage is reduced, yields of wells
fall off, and pumping becomes more expensive or at current rates impossible.
Surface water is not available to meet any substantial fraction of the current
ground-water demand. In all the High Plains except the Sand Hills of
Nebraska, the same decisions will ultimately have to be made as are now facing
Texas; even in the Sand Hills, downstream water rights on streams fed by
seepage from the sand must be considered.
The Unglaciated Central region is a large area of Paleozoic, Mesozoic, and
early Cenozoic sedimentary rocks in the middle of the United States. Except
for the High Plains it includes the area between the Rocky Mountains on the
west and the Appalachian Highlands on the east, and between the glaciated
part of the country on the north and the Gulf Coastal Plain on the south.
The region narrows to about 20 miles in southern Illinois where the upper
Mississippi Embayment of the Coastal Plain extends into the southernmost
part of that State, then widens again. By definition the region includes a
separate area in southwestern Wisconsin and immediately adjacent area a
part of the so-called Wisconsin Driftless section.
The region has a wide range in climate but in jrr^atest part is characterized
by only small to moderate ground-water supplies in the bedrock strata and by
saline ground water at depths more than a few tens to a few hundreds of feet
below local stream level. In a few sizable areas, especially the Ozark region
in southern Missouri and adjacent area, the Roswell artesian basin in New
Mexico, and the Edwards Plateau and adjacent Balcones fault zone in Texas,
the rocks are more permeable than the average and carry large quantities of
ground water. In the three areas named the principal water-bearing rocks are
limestone and dolomite (carbonate rocks). In a few other areas, including the
Powder River Basin in northeastern Wyoming and belts in Texas, Oklahoma,
and Kansas, sandstone yields more water than average for the region. In a
belt in the Appalachian Plateaus extending from northwestern Alabama to

4

ROLE OF GROUND WATER IN NATIONAL WATER SITUATION

Ohio, both sandstone and carbonate rocks carry water. "Watercourses" strips
of permeable alluvium along perennial streams are productive sources,
especially along certain stretches of the Ohio, Missouri, Arkansas, and Red
Rivers that are within the region.
The region is moderately to heavily populated, farmed, and industrialized,
and ground water is developed widely for rural domestic and stock, municipal,
and industrial supply and locally for irrigation. In spite of the high proportion
of the area in which ground-water supplies are not abundant, ground water has
a considerable remaining potential.
The Glaciated Central region to the north is generally similar to the
Unglaciated Central region in climate, cultural development, and bedrock
water supplies but differs from it by the presence of a mantle of glacial drift
which covers the bedrock and contains many productive sand and gravel
aquifers. Watercourses in which the alluvium is largely glacial outwash
traverse the region in many places, including stretches of the Ohio and
Missouri Rivers that lie within the region as defined. The two Central regions
contain a considerable proportion of the Nation's productive farmland. Irrigation is not widespread in either region, but full-scale irrigation with both
surface and ground water is large or growing in the western parts, and
supplemental irrigation with water from both streams and wells is growing in
the central and eastern parts. As in the Unglaciated Central region, there is
widespread use of ground water in the Glaciated Central region for rural,
municipal, and industrial supply.
The glacial drift is most productive in the middle part of the region that
is, in eastern and southern Minnesota; all except the "Driftless" area of
Wisconsin and locally, in the form of glacial outwash from the adjacent area,
even there; in much of the Southern Peninsula of Michigan and the northern
two-thirds of Indiana; and in other, smaller areas elsewhere. Important
bedrock aquifers include sandstone strata of Cambrian and Ordovician age
and associated carbonate rocks in southern Minnesota and Wisconsin, northeastern Iowa, and northern Illinois; sandstone strata in parts of the Southern
Peninsula of Michigan; and alternating carbonate-rock and sandstone strata
in the eastern part of the Northern Peninsula of Michigan and part of the
Southern Peninsula and in northern and eastern Indiana and western Ohio.
Although, as in the Unglaciated Central region, ground water is locally
scarce or overdeveloped, the region has a large remaining potential if supplies
are located, evaluated, and developed properly.
In both the Glaciated and the Unglaciated Central regions, both ground
water and surface water in general are least adequate in the western, drier
parts, and much of the future effort to secure water supplies will have to be
exerted there.
The Unglaciated Appalachian region includes the Unglaciated parts of the
eastern and higher part of the Appalachian Plateaus province and the unglaciated parts of the Valley and Ridge, Blue Ridge, and Piedmont provinces.
The four provinces represented are rather different in types of rocks and
geologic structure, but in all of them ground water is abundant only locally.
The least productive part is the Blue Ridge, built of dense, sparsely fractured,
rather impermeable crystalline rocks that yield little water to wells but give
rise to many small springs, whose supply is rather well sustained because of
abundant, well-distributed precipitation. The Piedmont is underlain by
similar rocks, but a thick mantle of weathered rock overlies the fresh rock
except in young, deep gorges: and the zone of fractures below the mantle
has not been thinned or removed by erosion to the extent that it has in the
Blue Ridge. Hence, the Piedmont is more favorable for tlie occurrence of
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ground water in at least small quantities; also, belts of sandstone and shale of
Triassic age in downfaulted basins form ground-water areas that in general
are reasonably productive.
The Valley and Ridge province includes some productive areas of cavernous
water-bearing limestone. The cavernous zones are erratic, but they can be
pinpointed by detailed study and test drilling.
The part of the Appalachian Plateaus province within the region is generally
unfavorable for ground water except for small supplies. The chief waterbearing rocks are sandstone, but there are some rather productive carbonaterock aquifers, especially in the southern part. The province is rather rugged
and streams are flashy, so that surface water also is not abundant unless
artificial storage can be provided.
In the region as a whole the precipitation is generally ample for crop
growth; rural domestic and stock needs for water are rather readily met from
wells and springs, and municipal and industrial supplies are obtained from
streams and reservoirs or, in favorable areas, from wells. Thus problems of
water supply generally are not critical, except when to develop an adequate
supply proves to be beyond the economic capability of the person, company, or
municipality needing the water. Floods, erosion, and pollution are problems in
substantial areas.
The Glaciated Appalachian region is a generally well-watered area but one
of heavy population and industrial development and many problems of local
inadequacy or pollution of water. It includes all New England, eastern New
York, east-central Pennsylvania, and northern New Jersey. The most productive bedrock aquifers are sandstone in part of northern New Jersey and sandstone and carbonate rocks in scattered areas in New York and adjacent New
England. The best aquifers, however, are sand and gravel of stratified glacial
drift, chiefly along some stretches of the principal streams and in scattered
interstream areas. Ground water meets most rural domestic and stock needs
but except in a few areas is in an early stage of development for larger
scale uses. Surface water, which is abundant, meets most large-scale demands
for municipal and industrial use. There is little irrigation at present. Stream
pollution is perhaps the most serious water-related problem. There is some
competition between use of streams for hydropower generation and that for
water supply. The region as a whole has a large water-resource potential in
its surface water and, in a small proportion of the total area, its ground water.
The Atlantic and Gulf Coastal Plain is a large and productive region
stretching from Cape Cod and offshore islands in Massachusetts to the Rio
Grande in southernmost Texas and extending northward in the Mississippi
Embayment to southernmost Illinois and adjacent westernmost Kentucky and
southeasternmost Missouri. It is underlain by a seaward-thickening wedge
of strata of gravel, sand, silt, clay, marl, and limestone of Cretaceous and later
age that includes many productive aquifers. Owing to the nearness of the
Atlantic Ocean and Gulf of Mexico, precipitation is generous. And, across the
region flow the streams that drain the most of the Nation east of the Continental Divide. The region thus has enormous resources of both surface water
and ground water.
The chief aquifers in most of the region are sand or sand and gravel,
including productive glacial outwash in Long Island and adjacent area and
alluvium along many watercourses especially in the Mississippi Embayment.
The thickness of Coastal Plain strata at the coastline ranges from a few
hundred feet in the northeast to perhaps 40,000 feet in southern Louisiana, and
the depth of fresh water from the same few hundred feet or less to as much
671316 O 63
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as 6,000 feet in one area in Texas, Consolidated-rock aquifers include highly
productive limestone and dolomite nearly throughout Florida and in adjacent
Georgia and South Carolina.
Ground-water development is locally heavy, including withdrawals of tens
of millions of gallons per day for single cities and industries and heavy
pumping for irrigation in Florida, the Yazoo Delta in Mississippi, the Grand
Prairie region of Arkansas, and the eastern Texas Coastal Plain. The principal
limit on ground-water development is imposed by existing or potential encroachment "of salt water from the coast or from the downdip extensions of aquifers
all along the coast and along bodies of tidewater indenting the coastline. Ntevertheless, fresh artesian water extends all the way to and beyond the coast in
substantial stretches.
The region has very large potentialities for additional development of both
ground water and surface water, provided that water supplies are studied and
evaluated thoroughly and developed intelligently.
Alaska and Hawaii differ greatly in geology and climate but are similar in
having wide ranges in ground-water availability. In Alaska the main problems
are the presence of permafrost, which may inhibit or prevent the development
of ground water, and the lack of productive aquifers in certain areas. In
Hawaii the principal factors limiting development are the possibility of saltwater encroachment and the paucity of recharge in dry leeward areas. Both
States have large overall water resources and considerable potential for
additional development in favorable areas. The water resources of Oahu are
gradually approaching full development.
, Puerto Rico has large ground-water supplies in certain areas and a substantial total water supply, but economic factors will make full development of
the water resources difficult. The nearby Virgin Islands and island possessions
of Puerto Rico are much drier and have only very small supplies of water.
St. Croix and Vieques are the largest of the American islands and have the
largest water supplies, but storage of surface water and development of ground
water will have to be supplemented by other means, such as conversion of sea
water, to meet ultimate needs.
Guam and American Samoa have large water supplies locally but rather
small supplies in much of their extent, plus the ever-present possibility of
salt-water encroachment.
Water problems facing the Nation can be divided into six categories: supply
and demand, distribution, natural water quality, manmade pollution, variability,
and floods. The first five all have the effect of making water of usable quality
difficult or expensive to get at certain times or places. The last involves:
expenditure of large sums to achieve adequate control and reduce damage.
as well as to save valuable floodwater now going to waste.
The problems at present are largely economic, in the sense that water (or
flood control) can be had for a price, but not necessarily at a price that the
local economy can bear. Owing to the growth and increasing complexity of
the Nation's economy and to the changing distribution of population and water
demand, the problems will be difficult to solve. The principal needs are for
(1) better understanding of the principles and interrelations of the hydrologic
cycle and of the occurrence, availability, and quality of water, (2) improved
methods of identifying problems and choosing among alternate solutions that
is, improved methods of water-resource planning, and (3) coordination of
effort (including correction and reconciliation of water laws that are hydrologically defective or are contradictory in principle and effect in adjoining
jurisdictions in the same hydrologic basin) at all levels of government so as to
achieve consistent treatment of problems yet retain control at the lowest possible
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level, which generally is also the level at which the effort is principally financed.
Owing to the growing difficulty and cost of meeting increasing water demands
from an essentially fixed supply, the demands may not increase quite as rapidly
as projected by the Senate Select Committee on National Water Resources. They
will, however, strain the limits of available supply in ever larger areas, beginning with the drier areas in the West that are already in trouble. In the
Nation as a whole, the needs will be met by increasing surface storage, taking
advantage of the enormous capacity of ground-water reservoirs for cyclic
storage of surplus surface water, and developing improved methods of waste
treatment to enable repeated reuse of water. In this way a total withdrawal
demand predicted to rise to 888 billion gallons per day (bgd) by the year 2000
can be met from a total runoff (including ground-water runoff) which in
1895-1955 varied from as little as 50 percent to as much as 140 percent of the
average of about 1,200 bgd.
New or improved techniques that will be tested as methods of increasing
water supplies include (1) reduction of evaporation from reservoirs, (2) reduction of transpiration from areas of low-value phreatophytes, (3) vegetation
management to increase watershed yield, (4) improved irrigation practices to
reduce avoidable losses of water, (5) improved methods of treatment to reduce
water requirements for waste dilution, (6) salvage of waste water for uses for
which its quality is suitable, (7) economies in industrial use such as increased
reuse in place of "once through" use, (8) conversion of saline water, (9)
weather modification, (10) improved meteorologic forecasting to enable reduction of flood damage and more efficient planning oif water use, (11) use of
radioactive substances in hydrologic investigations and ultimately, perhaps
significant reduction in energy costs through improvement of nuclear-energy
processes, and (12) improved use and control of ground water.
Ground water has been viewed optimistically by some as holding the answer
to the Nation's water-supply problems. Actually, though ground-water reservoirs
have an enormous and essential contribution to make in furnishing additional
water supply and storage capacity, difficulties in locating, evaluating, developing, and managing ground-water supplies will make full utilization of the
ground-water reservoirs very difficult. Great progress has been made in
recent decades in ground-water hydrology, as well as in other aspects of
hydrology, but available information is still highly inadequate as to understanding of both hydrologic principles and areal occurrence of water. A major
effort, in ground-water research will have to be undertaken if the ground-water
reservoirs are to come anywhere near fulfilling their potential as elements
of comprehensive multipurpose water management.

INTRODUCTION

Now that three-fifths of the 20th century is history, how does the
Nation find itself as to water supply? And what is ground water's
place in the picture? To the first of these questions, hundreds of
interested writers lay, technical, and professional have addressed
themselves with increasing concern in recent years, and not a few
have found themselves speculating on the second. It is to provide
factual information as a partial basis for an answer to these questions, especially the second, that this report was prepared. The report summarizes the principal concepts of the hydrologic cycle and
the place of ground water in the cycle. Next it includes general de-
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scriptions of the 10 ground-water regions into which the conterminous
United States has been divided by Thomas (1952a). The general part
of the text ends with a discussion of future prospects and needs. A
large terminal section of the report includes descriptions of the
occurrence of ground water and the general water situation as of
1960 in the 50 States, the District of Columbia, Puerto Kico and the
American Virgin Islands, Guam, und American Samoa.
This report might logically have formed a part of the Geological
Survey's contribution to the Senate Select Committee on National
Water Kesources, whose 32 Committee Prints and final report form
the most comprehensive summary of national water problems and
future needs yet prepared. The report could not be prepared in time
to meet the Committee's deadline, but it may still prove to be useful
to those who must consider the Committee's recommendations especially because the Committee's final report as well as many of the
Committee Prints bring out that the role to be played by ground
water in the future is one of the substantial imponderables yet to
be evaluated fully.
What does the Nation need to know about ground water? It already knows a great deal, but not nearly enough. In general, these
are the questions: Where is it? Where does it come from? What
makes it move, and how does it get into and move through the
rocks? How freely will the rocks at different depths in different
areas yield it to wells? What are its quality and temperature, and
how may these change with pumping? What is its place in the
hydrologic cycle, and what is the effect on other phases of the cycle
and especially on surface water of pumping different amounts
of ground water at different places and times? And finally, the biggest question of all: How can ground water and ground-water reservoirs be made to play their full, vital part in satisfying tomorrow's
enormous needs for water-storage facilities, water supply, and control of floods and pollution?
This last question involves a host of problems how to determine
what we need to know about ground water before we can take full
advantage of it, how to go about acquiring that knowledge, how to
plan the necessary physical steps for exploiting ground-water reservoirs, how to estimate the cost of each step, how to make policy
decisions between alternate steps, how to finance these steps and
how to change our laws to facilitate them, and finally how to enlist
the public support without which the fullest knowledge and the
best plans *would be fruitless.
Obtaining public understanding of and support for the needed
measures is the key to solution of the whole water problem, but
at the same time it will be the single most difficult job to accomplish
and, in the light of past history, the factor most likely to frustrate
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the timely development of adequate water supplies. Tomorrow's water
demands will be very large, and in general they will cost more per
gallon to satisfy than at present. The U.S. Senate Select Committee
on National Water Eesources (1961a, p. 6) estimates that gross withdrawal requirements (including water for fuel-electric power but
not hydropower) will increase from an estimated 300 bgd (billion
gallons per day) in 1954 x to 559 bgd in 1980 and 888 bgd in 2000.
The Committee (idem, p. 16) believes that the required costs for
water supply and control, which will be several billion dollars a
year, are not out of line in view of the prospective growth in the
gross national product from about $500 billion per year in 1960 to
$1,060 billion in 1980 and $2,200 billion in 2000 (1959 dollars). Nevertheless, they will involve vastly increased expenditures, and higher
taxes. The higher taxes will be paid only with the greatest reluctance
unless the people are adequately informed, and become convinced, of
the need for the increased expenditures and of the consequences of not
making them, in terms of economic stagnation. The report of the
Senate Select Committee and its supporting documents represent the
most ambitious effort made to date to inform the Nation of its needs
related to water and are recommended for study by all interested
persons.
The Nation does not have much time to lose in getting underway.
By a large margin, it has failed to catch up with even the existing
problems of water supply, pollution, and flood control, even though
these look like child's play in comparison to those likely to develop
in the future. All the steps involved in major water projects take
time identification of a problem, conception of possible solutions,
scientific and engineering investigations required for correct choice
and economical design, justification, action by legislative bodies, detailed planning, and construction and time is scarce.
So far as ground water is concerned, the job will be very difficult.
We know only a fraction of what we must know if the ground-water
reservoirs are to make their full contribution to the Nation's welfare.
But to acquire the needed additional information in time for it to be
most useful will be difficult, both because of the time required to
complete the more complex studies and because there simply are not
enough trained ground-water hydrologists to go around. Nevertheless, existing personnel and present and newly developing techniques
can provide the basis for solving many existing problems and can
lay the foundation for many major policy decisions on whether to
depend, or not to depend, on ground-water reservoirs to accomplish
specific tasks. This report is intended to contribute what it can to
both these objectives solution of existing limited ground-water prob1 Assuming a full supply for uses existing in 1954. Actual withdrawals were less
because there were substantial shortages of water in 1954 (idem, p. 5).
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lems, and policy decisions regarding the role of ground water in
broad, comprehensive programs.
WATER IN GENERAL,

The United States, compared with other nations, is abundantly
endowed with water. An average of about 30 inches of water in
the form of rain and snow falls on the 48 conterminous States each
year about 4,900 million acre-feet, or about 4,400 bgd (U.S. Weather Bureau, 1959, p, 25). About 21% of the 30 inches in evaporated
from natural and dry-farmed vegetation and from soil and water
surfaces. The other 8% inches represents our manageable water supply (Langbein and others, 1949, p. 5). Of this we have been withdrawing and using the equivalent of about 2 inches, of which about
half an inch evaporates and the rest joins the unused flow to make
a total of about 8 inches flowing into the oceans under present conditions about 1,150 bgd.
Compared to the estimated withdrawal of about 174 bgd in 1950,
240 bgd in 1955, and 270 bgd in 1960 (MacKichan, 1951, p. 13; 1957,
p. 13; MacKichan and Kammerer, 1961b, p. 35) and in light of the
fact that the water actually used was less because the figures included
considerable reuse of the same water as it passed downstream, a
total supply of more than a trillion gallons per day looks pretty
big. But a number of problems combine to make it difficult and expensive to obtain adequate water supplies when and where needed
(or to avoid occasional oversupply in the form of floods), in spite
of the size of the total supply (U.S. Geol. Survey, 1960a, p. 1-33).
These are problems of irregular distribution of water in both space
and time, excessive salt or sediment content of natural water supplies, local overuse and depletion of supplies, man-induced contamination with biological and chemical wastes and sediments, and floods.
Plate 1 gives a general idea of the geographic distribution of
water supplies in the conterminous States. It was prepared by combining the annual-runoff map of Langbein and others (1949, pi. 1)
with a map of ground-water areas prepared by H. E. Thomas (1951,
pi. 1), of the Geological Survey, for his report to the Conservation
Foundation. The ground-water map was published at reduced scale
in Geological Survey Circular 114 (McGuinness, 1951a, fig. 17).
Frequent reference to plate 1 will be appropriate in connection with
the discussion of water problems in later sections, but before we
discuss water problems we should take a look at the hydrologic cycle
and the general geologic and climatic background of water resources.
THE HYDROLOGIC CYCLE

"Hydrologic cycle" is the term used to describe the endless circulation of water from the primary reservoir, the ocean, to the at-
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mosphere, the land, and back to the ocean over or beneath the land
surface. Almost indescribably complex in detail, the cycle is simple
enough in broad outline that it forms the central concept of the
science of hydrology, and it must be kept constantly in mind when
any of its different phases are considered. Anything that affects one
of its phases is reflected in some or all of the others. This fact, and
the mobility of water which in large measure is responsible for
it, is at once the key to water supplies and the explanation of water
problems. Thus, if our water problems are to be solved, as they must
be, we must all become hydrologists enough to understand at least
the principal impact of various water-project proposals on the hydrologic cycle and the reasons why future major water projects should
be based on comprehensive planning. Single solutions to single problems will become progressively less feasible, and for problems of
progressively less geographic and economic significance.
SOURCE OF MOISTURE

The hydrologic cycle has no beginning and no end, but a description of it has to start somewhere and the ocean is as good a
place as any. It is the ocean from which all our usable water comes
(in spite of opinions to the contrary which will be discussed briefly
later), and the place to which the water ultimately returns, carrying
the dissolved and suspended waste products of the land and ready to
be purified again by evaporation.
Quite naturally, evaporation from the ocean is greatest where the
ocean and the air are both at their warmest at the equator. Moist
air, which is lighter than dry air, rises from the equatorial belt and
moves northward and southward toward the poles. Some of it comes
down in the horse latitudes (about 30° north and south latitude)
and returns to the equator. The rest continues to the poles, descends
as it is cooled, and then returns toward the equator.
The rotation of the earth imparts east-west components to the
circulation. The combination leads, in the northern hemisphere, to
the northeasterly trade winds between the equator and the horse
latitudes and the prevailing westerlies farther north.
The conterminous United States is mostly in the belt of prevailing
westerlies and thus gets much of its moisture from the Pacific Ocean.
The rest comes largely from the Gulf of Mexico, from which vast
quantities of warm, moist air are drawn northward into the lowpressure areas moving eastward across the Nation and lose their
moisture as they rise to cross highlands or as they encounter the
"cold fronts" marking the outburst of masses of cold air from Arctic
regions.
The Nation's geographic location with respect to the prevailing
movements of air masses and its physiography lead to a definite
pattern of precipitation (pi. 2). Warm, moist air originating over
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the Pacific Ocean moves eastward with the prevailing westerlies.
When it reaches the West Coast it is forced to rise over the Coast
Ranges. As it rises and cools, a part of its moisture condenses and
falls as rain and snow. Because of the lower temperatures prevailing
to the north, the precipitation is greatest on the northern Coast
Ranges and the nearby Cascade Range more than 100 inches per
year in places. To the south, air that has already lost some of its
moisture to the Coast Ranges of California crosses the Central Valley
and loses much of the rest on the mighty Sierra Nevada.
East of the Sierra and the Cascade Range, there is a pronounced
"rain shadow." The air that has risen, cooled, and lost a part of its
moisture on the mountains descends on the east side, warming as it
moves to lower levels and thereby becoming even less likely to yield
precipitation than it was after having been "wrung out" at the mountain crests. In the rain shadow lie th6 Great Basin and the dry areas
of eastern Oregon and Washington and southern Idaho.
As the air moves eastward it does release some precipitation on
the isolated mountain ranges of the Great Basin, but much less than
the same mountains would receive if they were near the coast. The
Rocky Mountains form such a barrier to eastward movement of the
air that they receive a considerable amount of moisture even though
the eastward-moving air is drier than when it left the Pacific Ocean.
The Rockies and even the area to the west receive moisture also from
the Gulf of Mexico at times mainly during the summer when retreat of the "Polar front" permits gulf air to invade the central part
of the continent.
Again, there is a rain shadow east of the Rockies, though it is
much less pronounced than that east of the Sierra Nevada and the
Cascade Range. Farther east, the Nation receives its moisture from
both Pacific and Gulf sources, and from the Atlantic as well. As
might be expected from the nearness of the warm waters of the
Gulf, the Southeast gets more precipitation than areas farther north
or farther inland. By the same token, the moisture supply received
from the Atlantic Ocean at times when air masses move westward
gives the Northeastern States more precipitation than is received in
the Middle Western States at the same latitude.
DISPOSAL OF PRECIPITATION

The precipitated water either runs off in streams or is discharged
by evapotranspiration. Total runoff, or just "runoff," or "surface
runoff," consists of two phases: water that falls on the streams or
that runs directly over the land surface to them (direct runoff), and
water that moves through the ground to the streams (ground-water
runoff).
"Evapotranspiration" is the combined term referring to water
that is evaporated from water and soil surfaces and the wetted leaves
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of vegetation and to that which passes through plants as a part of
their life cycle and is evaporated (transpired) from, their leaves and
stems. To measure evaporation and transpiration directly is very
difficult (Kohler and others, 1959), though ways of doing it as a
means of analyzing the hydrologic cycle more accurately are being
explored, as in studies such as those at Lake Hefner, Okla. (Harbeck and others, 1954), and Lake Mead, Ariz.-Nev. (Harbeck and
others, 1958). (For a guide to other literature, see Eobihson and
Johnson, 1961; see also Leppanen and Harbeck, 1960; Harbeck,
1962; McDonald, 1961.) In the absence of directly determined data,
there is of course no satisfactory map of total evapotranspiration
similar to the map of runoff in plate 1 and that of precipitation in
plate 2. Plate 3 is a map prepared by the U.S. Department of
Agriculture (1959b, fig. 6) for the Senate Select Committee on National Water Resources. It was prepared by subtracting runoff as
shown on the map of Langbein and others (1949, pi. 1; contours
reproduced in pi. 1 of this report and in fig. 7 in U.S. Dept. Agriculture, 1959b) from precipitation as shown on a map prepared by
the U.S. Weather Bureau (U.S. Dept. Agriculture, 1959b, fig. 8;
reproduced as pi. 2 in this report). It does not purport to show
actual values for evapotranspiration and in the Agriculture Department's report is entitled simply "Precipitation retained." However,
a map based on direct determinations of evapotranspiration obviously would have the same general pattern.
Note that runoff the water that appears in streams includes
ground-water discharge. This means that ground water is not
something to which we can look as an entirely new source of water
once we have fully developed the streams, but instead is part of the
same supply. The only ground water that does not reach the streams
is (1) that which is evaporated and transpired before it can reach
a stream and (2) that which passes underground beneath the coasts
and discharges into the sea without first entering a stream. Each of
these two kinds of discharge amounts to a good many million
gallons per day in the country as a whole, but together they are insignificant in comparison to the ground water that does reach the
streams. In fact, it is the discharge of ground water that supports
the dry-season, or base, flow of most streams after water has ceased
running into them directly over the land surface. The rest comes
from lakes and swamps which, like ground-water reservoirs, provide
some storage and thus delay runoff.
That runoff is closely related to precipitation is obvious from a
comparison of plates 1 and 2. The relation is not a direct one, however. Direct runoff represents the surplus if any of rainfall and
snowmelt after the processes that lead to evapotranspiration and
ground-water recharge have taken their toll chiefly the retentiveness
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of soil, rock, and plant surfaces and the internal absorptive capacity
of soil and subsoil. These factors, and the subsequent division of the
retained water into evapotranspiration and ground-water recharge,
in turn vary with (1) the rate and form of precipitation, (2) the
type and density of vegetation and the season of the year, (3) the
temperature and humidity of the air and the vigor of air movement, (4) the type of soil and its previous moisture content, (5) the
configuration of the land surface, and (6) the type, thickness, and
attitude of the bodies of rock beneath the soil that is, the geology.
These conditions, some ephemeral and some permanent, lead to vast
differences in direct runoff, ground-water recharge, and evapotranspiration from one area to another and from time to time within the
same area.
Thus, although high precipitation leads to high runoff and a large
total water supply, the local variations in geology and topography,
the variations from place to place in average climate, and the seasonal and long-term variations in precipitation and temperature lead
to variability in water supplies that must be taken into account in
water-supply planning. And, these facts make it apparent that
generalizations, no matter how true and how useful, are only a part
of the story and must be supplemented by detailed study of the
hydrology of individual areas before truly sound plans can be made.
Moreover, even plans soundly based in hydrology are only a part of
the total picture, because of the influence of economics and of law
in governing final decisions.
One of the phases of the relation between precipitation and runoff is so important that it should be mentioned here. This is the fact
that, in general, the drier the climate and the lower the precipitation,
the smaller is the proportion of the precipitation that becomes runoff. To take two strongly contrasting examples, precipitation of
about 30 inches produces about 15 inches of runoff in a part of the
cool, rocky Upper Peninsula of Michigan; but precipitation of about
20 inches, only a third less, produces less than 0.25 inch of runoff
in places virtually none at all from the warmer flatlands of the
western Panhandle of Texas (pis. 1, 2). There is a little groundwater recharge in the Texas area that does not get into the streams
but instead seeps out at the edges of the High Plains, so that the
evapotranspiration in the middle of the Plains is not quite as high
as a direct comparison of local precipitation and runoff would suggest. The amount is only a small fraction of an inch, however, and
does not substantially affect the comparison between the Texas and
Michigan areas.
WATER SUPPLY

Our present water supply, then, is virtually the same as the total
runoff, and it is more than ample to meet our total water demands
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now and for a long time in the future except for one thing. Water
is used at specific places for specific purposes, and not at all places
and times is enough water, of the right quality, available to meet
even existing demands, to say nothing of those of the future. In
fact, if we were to stop our water development at the present stage,
by the year 2000 there would be relatively few areas in the country
that would still have an ample water supply at all times, and many
areas of both adequate and short supply would still have damaging
floods to contend with.
If, in a given situation, it is not possible to obtain from the streams
or from the ground enough water to meet the needs, how can we
get more? The methods can be summed up briefly:
1. If runoff, with regulation by such storage reservoirs as may
exist, is inadequate part of the time but annual runoff is still
ample, we can build dams and create surface reservoirs to even out
the streamflow, thus not only making water available for use but
reducing floods and increasing dry-season streamflow for such
purposes as waste dilution and navigation.
2. If suitable aquifers exist, we can take advantage of ground-water
storage by drawing heavily on it during seasons of low streamflow
and then letting the ground fill up in wet weather. This procedure may be necessary because no economical sites exist for surface
reservoirs, or it may be preferable even if there are such sites
but to build on them would be excessively expensive or would
result in excessive losses of water by evaporation. Use of the
ground-water storage may or may not have to be accompanied
by artifiically induced increases in the rate of recharge so as to
prevent persistent depletion of ground water.
3. We can import water from other areas if there are areas of
water surplus within economical reach.
4. We can consider whether artificially induced increases in precipitation will do the job. This method promises moderate increases in certain areas, especially mountains and coastal areas,
but not everywhere at least with present techniques. Also, the
possible effect in drying up other areas has not been evaluated.
5. We can investigate the feasibility of converting local or economically importable saline water to fresh. The method is already
practical for domestic use in some areas of high water cost, but
it is still much too expensive for uses requiring large quantities
of water at low cost.
6. We can step up the degree of treatment of our waste waters
to permit their reuse on a greater scale. Because of needs for both
water supply and pollution abatement, this method is destined
for vastly greater use.
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7. We can salvage water now being discharged by evapotranspiration, by eradicating water-loving plants of low economic value,
or by managing vegetated areas, especially forests, for greater
water yield with minimum sacrifice of the other values of these
areas.
8. We can, of course, reduce our demands for new water by changing the purposes for which the water is used or by using available
water of poor quality (or reusing the same water as its quality
becomes progressively worse) for purposes in which quality is
progressively less important. This method overlaps that in item 6.
9. We can even transfer some of our water-using activities to areas
of more ample water supplies, although this course would generally be a last resort.
Because this report is devoted mainly to ground water, it would
not be appropriate to discuss the above methods at great length.
The solution of water problems is discussed in general terms in the
report of the U.S. Senate Committee on National Water Resources
(1961a) and in the 32 Committee Prints, the broad picture being
covered most comprehensively in Prints 31 and 32 (Ackerman and
others, 1960; Wollman, 1960). Some of the methods will be mentioned in descriptions of specific water problems and in a general
summing up (p. 77-120), but for background the reader is urged
to become familiar with the three documents cited.
MISCONCEPTIONS TO BE AVOIDED

The methods of increasing water supplies already described represent conscious acts to overcome the irregularities of the hydrologic
cycle or even to attempt to change the cycle such as by inducing
increases in precipitation. Even the use of saline water affects and is
affected by the hydrologic cycle, because virtually all water whose
salinity is not too great to prohibit consideration of its direct use
or conversion for ordinary purposes is moving in the hydrologic
cycle, althugh some of it in deep or tightly confined*,aquifers moves
very slowly. There is, however, a small though not insignificant body
of opinion which holds that additional water can be obtained by
methods that involve manipulating, or ignoring, the hydrologic cycle
and that are contrary to the accepted principles of hydrology. Two
of these ideas that have become rather widespread among the lay
public should be discussed, lest they lead to false hopes on the part
of the public and to lost motion on the part of water planners.
FORESTS AND WATER

The first of these is the idea that forests create water and that
additional water can be obtained by reforestation, or afforestation
of areas not previously forested, thereby increasing precipitation and
runoff. (See Hays, 1959.)
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This idea has its roots in the fact that the areas from which the
most abundant streamflow comes are largely forested. The idea has
the cart before the horse. The water is not there because the forests
are there; the forests are there because the water is there the precipitation is greater in the higher, cooler areas, and trees need
plenty of water, more than does shallow-rooted vegetation. The
streamflow from forested areas represents the surplus of precipitation
after the relatively high water demands of the trees have been satisfied. The same areas might produce more runoff if the trees were
replaced with small plants, but against the value of the additional
water would have to be charged the losses in esthetic and recreational
values and in the cold, hard cash received for lumber and other
products of a properly managed forest.
As mentioned in item Y in the preceding section, forests can be
managed for increased water yield by methods that will not substantially diminish, and may even increase, their value for other
purposes. And, a denuded, eroding area yielding floods of muddy
water might be revegetated at some cost in total runoff but with
a vast improvement in the clarity and usability of the water and with
some reduction in flood peaks on small streams.
Management for increased water yield would be especially important in the water-short West, where forested highlands are the
chief source of water supply. The possibilities are admirably summed
up by the U.S. Department of Agriculture (1960, p. 1Y-18) in one
of its reports to the Senate Select Committee on National Water
Resources. The report states that opportunities for increasing water
yield by management of forest and other vegetation are favorable
in about 15 percent of that part of the 1Y Western States which is
west of the 100th meridian. The prospects are best in the forests in
the snowpack zone the highest parts of the Cascade Range, Sierra
Nevada, and Rocky Mountains; in the 25 million acres of Douglas
fir, hemlock, and redwood on the North Pacific slope; and in the 43
million acres of ponderosa pine and Douglas fir covering mountains
in the interior at elevations below the snowpack zone. About half
the area of grass and small trees in California and Arizona called
chaparral might be susceptible to improved management, though very
little is known of the possibilities at present. Areas of pinyon and
juniper yield an average of only about half an inch of runoff, and
perhaps in only a tenth of the area covered by these trees could the
yield be increased substantially percentagewise. Semiarid areas of
grass and shrubs probably cannot be manipulated to yield more
runoff at feasible cost. (See p. 96-9Y.)
The relation of vegetation to water management is discussed comprehensively by the late E. A. Colman (1953) of the Agriculture
Department's Forest Service in his report to the Conservation Foun-
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dation. Barksdale and Kemson ,(1955) discuss the effects of land
management on ground water.
Another forest-related idea that should be laid to rest is that
forestation (and other types of land management) can prevent major
floods. There is no question that the peaks of small floods originating in forested areas are smaller than those from denuded areas of
similar geology and topography. Major storm events, however, release so much precipitation that even the considerable absorptive
and retentive capacity typical of forest soils is overwhelmed. This
subject is discussed authoritatively by Leopold and Maddock (1954,
p. 56-92) in their report to the Conservation Foundation, by the
U.S. Corps of Engineers (1960, p. 9), and by the Tennessee Valley
Authority (1959, p. 1, 8). These and other authorities point out the
need for soil-conservation practices and forest management as a
means of preventing both loss of soil and sediment contamination of
runoff. The greatest runoff would come from the barest soil, but
the country could not afford the total cost of increasing its water
supply in this way.
"PRIMARY" WATER

The research embodied in the above-cited publications and similar
ones, and similar studies being carried on now or planned for the
future, are sufficiently comprehensive that the prospects seem bright
for ultimate public understanding and acceptance of the true place
of forests and land management in our water economy. As if to
prove that man is inherently optimistic in his attitude toward water
and other problems, however, another idea has developed in recent
years that needs to be examined. This is the idea that there are
subterranean sources of new water of good quality "primary water"
-which originates in the interior of the earth and rises through
fissures to places where it can be located by qualified experts and
tapped by^wells. This water supposedly is unrelated to the hydrologic cycle, and offers an inexhaustible source to meet future demands in water-short areas. The idea, which began to spread about
a decade ago, is summed up and defended in a book entitled "New
Water for a Thirsty World" (Salzman, 1960).
There is- no doubt that new water reaches the earth's surface from
the interior. Geologists call it "juvenile water." It is given off by
igneous rocks when they reach the surface in volcanic eruptions or
when they cool and solidify underground after having invaded the
crustal rocks from below. It is invariably high in mineral content,
however;* and, so far as scientists have been able to determine, it is
emitted in quantities that are insignificant in comparison to those
involved, in the hydrologic cycle. The subject is discussed briefly in
a duplicated memorandum prepared by J. F. Poland, of the Geological Survey, and the writer for use in answering the growing
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number of inquiries from the public on the subject (McGuinness and
Poland, 1954). The following quotations from the memorandum
summarize the views of hydrologists on "primary" water:
* * * Primary or, as it is better known in geologic literature, juvenile water
exists deep within the earth, combined with or dissolved in the rocks under
great heat and pressure. Its existence is demonstrated by th fact, among
many others, that every volcano in erupting gives off large quantities of water
vapor, together with other gases, even in dry-land areas where the rocks of
the earth's crust have such small porosity that they could not conceivably
contain enough water from precipitation (meteoric water) to be the source of
all the water observed to be emanating from the volcano. It is widely held
that additions of juvenile water to the atmosphere from volcanoes and other
igneous sources, over the hundreds of millions of years of geologic time,
are responsible for the water now present on the earth's surface and in the
atmosphere. Another principal theory holds that approximately the amount
of water now present on the earth and in the atmosphere was present at a
very early stage in the earth's history, and that subsequent additions of
juvenile water have increased the total very little percentagewise or have been
approximately balanced by water removed from the available supply by
combination with newly deposited minerals for example, gypsum.
The various theories of the origin of the water of the earth's hydrosphere
and atmosphere were summarized and discussed by W. W. Rubey 2 in his
presidential address to the Geological Society of America in 1950. His paper
contains an extensive bibliography.
At present we are concerned not so much with the existence of juvenile
water as with its availability in adequate quantities and of suitable quality for
ordinary uses. There is little evidence as to the quantity available because of
the uncertainty as to the degree to which juvenile water has been mixed with
meteoric water before emerging at the surface or entering wells, and thus as to
the amount and proportion of juvenile water present. The writers, however,
have never seen a reference in the scientific literature to any locality where
water that was believed to be entirely or essentially juvenile was present in
liquid form in any large volume, comparable to the volume present in major
fresh-water aquifers in which the water is known to be of meteoric origin.
With regard to quality the evidence is much clearer. Wherever water that
can be assumed with confidence to be wholly or essentially juvenile has
been collected for analysis (as in the form of vapor escaping from a volcano)
it has been found to be so high in dissolved mineral constituents as to be
entirely useless for ordinary purposes, and in many cases highly corrosive. In
many areas of current or recent volcanic activity, such as the Yellowstone
National Park, juvenile water undoubtedly is escaping from hot rocks at depth
and mixing with meteoric water, inasmuch as the water from hot springs and
geysers, though much more dilute than typical juvenile water, has a chemical
content more characteristic of juvenile water than of meteoric water. 3 Even
such relatively dilute waters that are recognizable as containing some juvenile
water typically are too highly mineralized for ordinary uses.
That juvenile water should be highly mineralized is inevitable. Water is
the universal solvent, capable of dissolving more different substances in larger
2 Rubey, W. W., 1951, Geologic history of sea water: An attempt to state the problem:
Geol. Soc. America Bull., v. 62, no. 9, p. 1111-1148.
s Clarke, F. W., 1924, The data of geochemistry: U.S. Geol. Survey Bull. 770,
p. 181-217, 261-292.
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quantities than any other. Reference to any textbook of chemistry shows, also,
that water that is hot and under high pressure dissolves larger quantities of
most substances than does cool water under atmospheric or lower pressure.
At depth in the earth the temperature and pressure are high. In most
places the temperature increases from the surface down at at rate of 1 degree
Fahrenheit for each 50 to 100 feet of increased depth. In areas of recent
igneous activity this "thermal gradient," of course, is steeper. The pressure
increases downward at least as rapidly as it would in a deep body of water,
or at the rate of 1 pound per square inch for each 2.3 feet of increased depth.
At great depth, where openings in the rocks do not exist, the pressure is
equivalent to more than 1 pound per square inch per foot of depth beneath
the surface.
Thus, juvenile water inevitably must dissolve large quantities of the
chemical constituents making up the rocks. As the water rises toward the
earth's surface and cools, the less soluble constituents like silica largely
separate out, but even if the water cools to or nearly to atmospheric temperature as it comes near the surface it still contains large quantities of the more
soluble constituents like sodium and chloride.
It is concluded, therefore, that true juvenile water may be expected to be
highly mineralized under any and all circumstances. In any place where
the proportions of the chemical constituents indicate juvenile rather than
meteoric orjgin, if the water is dilute enough for ordinary uses it must have
been mixed with meteoric water. Therefore, it cannot be considered to constitute an independent source that is immune to drought, nor can it be
developed without regard to the effect of the development on other fresh-water
supplies in the same basin.

Additional arguments against the existence of primary water as
postulated in Salzman's book, including data comparing the driller's
claims about certain "primary water" wells with data observed or
reported by others, are found in an information bulletin of the
California Department of Water Resources (1960) and in an earlier
release (California Division of Water Resources, 1954). It is in
California that the "primary water" idea has had its greatest development. The information bulletin, which was reprinted by the
U.S. Senate Select Committee on National Water Resources (1961b,
p. 110-120), concludes:
It is the opinion of the Department of Water Resources that there is no
factual basis for suppositions and implications to the effect that "primary
water".jis a potential source of water supply. To our knowledge there is no
scientific evidence that would support such suppositions. On the contrary,
there is a convincing body of scientific knowledge which contradicts the contention of proponents of "primary water," "deep-seated rock fissure aquifers," and
related postulations that these constitute major sources of water supply.
Scientific analyses of water from so-called "primary water" wells indicate
that the water is ordinary'ground water that had its origin in precipitation. As
such it is subject to known scientific principles governing ground water.
Furthermore, such water would be subject to established water law, and its
extraction would be subject to the rights of others to utilize water from the
same source.

GROUND WATER

21

Scientific principles apply also to so-called rock fissure water, and it would
be subject to established water law, and its extraction would be subject to the
rights of others to utilize water from the same source.

The terminal parts of the quotations from both memorandums are
important. In water-short areas where use of ground water is controlled more or less rigidly by law, a supply of new water not dependent on the hydrologic cycle would be most attractive, for a
claim could be made that use of the water was not subject to existing
water law because it would not interfere with the vested rights of
others. It is important, therefore, that the public understand what
is involved in the "primary water" idea.
In spite of the arguments in Salzman's book, including a 2,400word rebuttal (Salzman, 1960, p. 137-143) of the 1,200-word "tract"
by McGuinness and Poland quoted in part above, the writer and his
colleagues in the Geological Survey stand with other scientists in
denying the existence of large quantities of "primary water" of good
quality. The reader is invited to form his own conclusions. Copies
of the memorandums cited above can be obtained from the U.S.
Geological Survey, Washington 25, D.C., and the California Department of Water Resources, Sacramento, Calif., respectively. Salzman's book is available from the Science Foundation Press, Los
Angeles 3, Calif.
Life is real, life is earnest, and so are water problems. It is
human nature to hope for breakthroughs that will enable problems
to be solved with minimum trouble and expense. Breakthroughs will
come perhaps in such things, among others, as regulation of climate,
conversion of saline water, treatment of wastes, and, potentially most
important of all, reduction of energy costs but they will result from
inspired scientific research and imaginative planning and not from
wishful thinking of the type embodied in the ideas just discussed.
Let us now turn to a description of the Nation's ground-water resources and problems.
GROUND WATER

Ground water is one of the earth's most widely distributed resources and, because of the physiological needs of man and the
animal and vegetable kingdoms, one of the most important. Something of its nature can be gained from the following three paragraphs, which are adapted from a recent paper by the writer (McGuinness, 1960).
Ground water is the water of the zone of saturation as defined
by O. E. Meinzer (1923b, p. 21) ; it is the water under hydrostatic
pressure in the pores and crevices of the rocks that is free to move
under the influence of gravity from places where it enters the zone
of saturation to places where it is discharged. It is a phase of the
671316 O 63
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hydrologic cycle, and that fact is what both makes it a valuable,
renewable resource and creates many of the difficulties that attend
its full utilization.
Ground water is one of the earth's most ubiquitous resources, and
therein lies much of its value. It exists wherever three conditions
are met: (1) water falling directly on the land or flowing over the
surface in streams penetrates beneath the surface in quantities sufficient to exceed the field capacity of the soil that is, moves downward through the zone of aeration under the influence of gravity;
(2) the rocks beneath the soil are permeable enough to transmit this
water; and (3) the rate of infiltration is sufficient that the zone of
saturation formed in the lower part of the permeable rocks will be
built up to a perceptible thickness by the time the lateral outflow
increases to a rate equal to the rate of infiltration from the land
surface. These conditions are met that is, ground water exists at
least intermittently in a very large part of the world. It is only
under three further conditions, however, that ground water becomes
a usable resource: (1) the rocks in the zone of saturation are permeable enough to yield useful supplies of water to wells, springs, or
streams; (2) the zone of saturation is perennial, or at least persists
long enough each season to allow practical exploitation; and (3) the
mineral substances dissolved by the water as it travels through the
soil and rocks do not reach such concentrations as to make the water
unfit for the desired use at the place where a supply is needed. These
further conditions, stringent as they are, are met commonly enough
that at least the small quantities of potable water needed for domestic supply are available very widely. Only where impermeable or
saline rocks or permanently frozen ground extend to great depths
or where the climate is exceedingly dry, or on islands too small or
too permeable to retain useful supplies of water, is potable ground
water entirely or practically absent; even in large regions having
these general characteristics, ground water may be available locally.
It is this near universality of occurrence that has made ground
water so important in the past in enabling human occupation of
many large regions that otherwise could not have been settled., As
areal reconnaissances of ground-water geology are extended and as
methods of prospecting for and developing ground water are refined, this phase of ground-water's usefulness will continue to be
important in primitive areas for decades to come. But as a problem, and particularly as a problem in the United States, difficulty
in locating ground water and drilling wells for small-scale uses in
water-short areas cannot compete in seriousness and cost with the
problems involved in maximum exploitation of ground water as a
phase of overall development in areas more abundantly endowed
with water. It is here that the principal difficulties have been encountered, and will continue to be.
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GROUND WATER'S PLACE IN THE HYDROLOGIC CYCLE

Ground water's place in the hydrologic cycle is summed up in two
words in the description of the cycle on page 11: "* * * the endless circulation of water * * * back to the ocean over or beneath the land
surface." Pages 21-22 tell what ground water is and how it originates.
Figure 1 is a generalized representation of the hydrologic cycle.
Ground water is the subsurface phase of the saturated flow of
water under the influence of gravity. It exists wherever and whenever
subsurface openings are filled with water under hydrostatic pressure
(atmospheric pressure or greater), and it moves whenever gravitational forces are great enough to overcome frictional resistance to
flow. This means that it is in motion almost everywhere, because so
long as there are any interconnected openings at all in a volume
of rock, even very tiny ones, and so long as water enters the rock
at one pressure head and can escape at even a slightly lower head,
water will move through the rock. Bodies of virtually static ground
water are rare. One example might be the water in a deeply buried
stratum which is underlain by tight rock and overlapped above
by similar rock, and in which the relation to other saturated rocks
below and above and to the land surface is such that there is no
appreciable "hydraulic gradient" in the confined aquifer. Even in
such bodies there may be virtually imperceptible movement of water,
but how slow it must be is shown by the fact that such strata may
contain oceanic brine that has been present in them for many millions of years long enough for them to have been flushed out by
fresh water if the movement had been anything but negligible. A
more prosaic example might be an alluvium-filled hollow in the bed
of a canyon cut in tight rock, in which water accumulates by infiltration from intermittent streamflow and then drains out until the
level approaches that of the "lip" where the rock rim of the hollow
is lowest, after which the water is virtually static until the next
influx of water occurs.
The term "aquifer" describes a body of rock (as used in this report,
"rock" includes unconsolidated material such as sand, gravel, clay,
and soil) that is filled with water and is permeable enough to carry
or yield water in useful quantities. The term "ground-water reservoir" may be used interchangeably with "aquifer." Or, the 'term
"ground-water reservoir" may be broadened to include all the rocks
beneath a given area from the top of the zone of saturation to its
bottom at an indefinite but great depth where openings in the rocks
cease to exist. According to the latter usage, all the rocks in the zone
of saturation are a part of "the ground-water reservoir" aquifers
and confining beds (aquicludes), and both fresh and salty water.
Typically in a given area the water table, the top of the zone of
saturation as defined by Meinzer (1923b, p. 21) lies at a level which
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FIGURE 1. The hydrologic cycle. A, Atmospheric and land-surface features. B, Ground-water features. Adapted from diagrams prepared
by U.S. Geological Survey staff and included in the McGuinness (1951a, fig. 1).
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is the resultant of the relation between the rate at which water can
drain (generally continuously) downward and laterally "to seek its
own level" and the rate at which water is added (generally intermittently) from above. Thus the water table fluctuates within a range
that is characteristic of the geology, aquifer hydraulics, and climate
of the area. In exceptionally dry years it may sink to a very low
level; in wet years it may occasionally rise nearly, or all the way,
to the land surface. Always it begins to lower as soon as recharge
from above (or flow from an adjacent area) diminishes, and to rise
when local replenishment exceeds the rate at which the water can
drain away.
There can be more than one zone of saturation. What could be
called the "main" water table marks the top of a zone of saturation
that is always full of water below whatever the level of the water
table is at a given time. Above it may be one or more "perched"
water bodies resting on, for example, beds of tight clay intervening
in generally permeable sand find gravel. Below each such perched
body and its supporting bed is unsaturated rock a part of the zone
of aeration. A perched body indicates a place where water is added
from above faster than it can drain through or off the perching bed,
but not fast enough to keep the main water table from seeking its
level somewhere below the bottom of the perching bed.
Where the rocks in a given locality are less permeable than they
are in the surrounding area, the tight rocks may restrain the rate of
downward percolation so as to "hold up" the water table at an appreciably higher level than would be possible if the rocks were more
permeable; yet the rate of outflow from the rocks below and in the
surrounding area is restricted enough that the zone of saturation
does not break away and form a "main" water table, leaving a
perched water body and water table above. These conditions, where
the rocks are saturated all the way down from the water table where
it lies in the tight material, may be called "semiperched." It is even
possible for semiperched conditions to exist during a time of recharge and for perched conditions to develop later, when the waiter
in permeable material below the tight rocks is able to drain away
to the point that the zone of saturation breaks in two and a water
table forms on the lower body. Water continues to drain from the
rocks above, but they now contain perched water; the water draining
out descends by gravity to the water table below, but it does not
fully saturate the rocks above the lower water table.
A special, but very important, case of perching or semiperching is
that involving the soil. Most soils tend to develop a "B" horizon that
is denser and less permeable than the "A" horizon above. The dense
horizon is considered by many soil scientists to have been formed as
a result of downward washing of clay (eluviation) from the A hori-
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zon and deposition of the clay (illuviation) in the B horizon, but
some now challenge this explanation. The procedure may be assisted
by the chemical leaching of relatively soluble material from the A
horizon and deposition in the B horizon; a substance commonly so
deposited in some soils is calcium carbonate. The tightness of the
B horizon is sometimes given a boost by plowing, which forms the
so-called plow sole.
The dense horizon, no matter how it originates, may impede the
downward movement of water from rainfall or snowmelt to such
an extent that a true, though ephemeral, zone of saturation forms in
the soil. This zone may be perched, or it may just be semiperched,
according to how rapidly water is able to move through the subsoil
material to raise the main water table below. Water moves laterally
in the ephemeral zone of saturation under the influence of gravity
just as it does below the main water table, and while the zone exists
it is a part of the "ground-water reservoir."
The water in the ephemeral zone of saturation generally does not
have to move very far before it breaks out at the surface and becomes surface water. While it is underground, however, it is moving
much more slowly than it would on the surface; thus, the soil,
whether or not it becomes saturated and becomes a ground-water
body for the time being, acts by virtue of its absorptive capacity to
slow down surface runoff. Although the "subsurface storm flow"
(Hoyt, 1942, p. 510) in the ephemeral zone of saturation generally
is so rapid that it cannot be distinguished from overland flow on
the streamflow hydrograph, the ground-water storage that it represents does help to reduce flood peaks below what they would be if
the rainwater or snowmelt flowed off an impermeable surface.
Conditions below the main water table can be just as complicated
as those above. Once in the zone of saturation water flows in whatever direction it is impelled by the piling up of water upgradient
and the opportunity for escape downgradient, and it is deflected in
various directions by rock bodies of low permeability lying in various attitudes or by variations in permeability within a given aquifer.
It can move downward through permeable rocks and less permeable
ones to great depths, and then where an opportunity exists for escape
of water at the land surface or in a stream, lake, or ocean it can
turn upward and cross the same beds. In a thick aquifer of uniform
permeability it can move downward in a recharge area, losing head
as it goes down; flow almost horizontally until it reaches a stream;
and then flow upward, losing head as it rises, into the stream.
Perhaps the preceding description is adequate to give an impression of the great complexity of ground-water movement, and a
restatement of the general nature of the movement would be helpful.
Water gets into the ground wherever and whenever it is available in
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excess of the field capacity of the soil and can move downward by
gravity through the zone of aeration to the water table, or wherever and whenever water in a surface body has a higher head than
the adjacent ground water; moves through the rocks around, over,
under, and through obstacles formed by zones of lower permeability; it approaches the land surface or a body of surface water
where the head is lower; and it is discharged by seepage or
spring flow into streams, lakes, or the ocean or is dissipated by
water-loving plants or by evaporation from the soil. As a phase of
the hydrologic cycle the ground-water reservoir serves as nature's
great delaying and storing medium for water. In it water is relatively safe from evaporation and contamination. It furnishes large
supplies of water and can furnish more. And, of great importance
to the comprehensive multiple-purpose developments of the future,
its storage and water-transmitting properties in many places offer
a means for integrated management of ground and surface water.
That is, floodwaters can be stored underground while they are available, and water supplies can be sustained by natural or artificially
assisted ground-water discharge in dry weather.
GROUND-WATER REGIONS

If a discussion of the national ground-water situation is to be
meaningful, we must first describe'the physical setting and general
availability of ground water in the Nation. The United States is
a large and hydrologically complex area, but it can be divided into
a relatively small number of large regions in each of which the
range of geologic, physiographic, and climatic conditions is small
enough to permit useful generalizations.
The late O. E. Meinzer, who can be considered the father of
ground-water hydrology in the United States, divided the country
into 21 ground-water provinces (1923a, pi. 31). These coincided in
general with the 24 physiographic provinces shown on a map prepared by a committee of the Association of American Geographers
of which N. M. Fenneman was chairman (idem, pi. 28), except for
some lumping and rearranging. In turn, Thomas (1952a, fig. 1) consolidated and rearranged Meinzer's 21 provinces into 10 groundwater regions. His regions will be used in this report (with certain
changes in names); their boundaries are shown on plate 1, and they
are assigned numbers from 1 to 10 in the same order in which they
are discussed in his report. Descriptions of Alaska, Hawaii, Puerto
Rico and the American Virgin Islands, Guam, and American
Samoa are included with sections on the conterminous States in the
last part of the report.
Thomas' descriptions (1952a) of the characteristics and potentialities of the ground-water regions are, in the present writer's
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opinion, the best that have yet been written, and they are heartily
recommended to the reader interested in a more complete summary
than is given in the following sections.
1. WESTERN MOUNTAIN RANGES

The Western Mountain Ranges the northern Coast Ranges, the
Cascade Range and Sierra Nevada, the isolated ranges of the Basin
and Range province, and the Rocky Mountains are the West's principal sources of water. It is these mountains on which the bulk of
the precipitation falls and from which the bulk of the water that
feeds streams and recharges aquifers runs off. They are built mainly
of hard, dense rocks that shed water rather than absorb it, although
the weathered and creviced surficial mantle rock absorbs considerable water and transmits it for short distances, and locally more
permeable rock takes in water and carries it for some miles underground.
The mountains are moist "islands" in a sea of desert and semidesert that covers the western half of the Nation. Because of their
remoteness, ruggedness, and general unsuitability for agriculture,
they have only a small population, which needs only a small fraction
of their water. But, as Thomas (1952a, p. 17-18) points out, they
are surrounded by a great "have not" area that can and does use
far more water than is provided by local precipitation. The water
reaches the "have not" area by way of the great rivers the Sacramento and San Joaquin, the Snake, the Columbia, the Missouri, the
Platte, the Arkansas, the Rio Grande, and the Colorado and in
smaller streams, and by way of the aquifers in the valley fill underlying the lowlands surrounding the mountains. To some extent,
fractures in the hard rocks may absorb water and transmit it to
the basin fill directly instead of by way of a stream, and in a few
places the relatively long, deep fractures known as faults may carry
water from one alluvial basin to another at a lower elevation. Except
where they are in soluble rocks such as limestone and can be
enlarged by solution, however, faults tend to act as barriers to rather
than conduits for ground water.
The region as shown in plate 1 contains some aquifers, in addition
to the thin mantle rock and the scattered fractures that are found
almost everywhere. These are mostly bodies of alluvium in intermontane valleys, similar to but smaller than those in the alluvial
basins in the surrounding regions; but they include consolidated
rocks, mainly sandstone and limestone, in a few areas, the largest
being in the Bighorn Basin, Wyo. Of the alluvial deposits, perhaps
the most productive are glacial outwash such as is found in the
Spokane Valley-Rathdrum Prairie area in Washington and Idaho.
The outwash in that area marks the position of a former outlet for
glacial melt waters from the vicinity of Lake Pend Oreille. The
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wide, deep channel was filled with gravel, which is several hundred
feet thick and is extremely permeable in places. Large-diameter municipal wells at Spokane yield as much as 57 mgd each with a moderate
drawdone; one well had a specific capacity of 10,600 gpm (gallons
per minute) per foot of drawdown, one of the highest if not the
highest on record (Piper and LaKocque, 1939, 1944). The glacialoutwash channel serves as an outlet for part of the water of Lake
Pend Oreille, at times carrying at least 650 mgd of underflow to
springs in the Spokane and Little Spokane Rivers at and near
Spokane (Piper and Huff, 1943, p. 6).
To the extent of their capacity to store and transmit water, the
aquifers of the region function as aquifers anywhere else in providing storage space for water and for evening out streamflow. Through
the mantle rock passes a great deal of the rainfall and snowmelt
that reaches the streams, and the soil and mantle rock play an
important part in preventing erosion and in reducing the peaks of
small floods. The total ground-water storage capacity is so small,
however, that it has only a limited effect on streamflow. Thus, much
of the runoff occurs at the times when water is available, chiefly
during the spring snowmelt and in summer thunderstorms, although
winter precipitation in the form of rain rather than snow is a chief
contributor to water supply along the Pacific. In order that the
water may be made available for use when needed, a great deal of
artificial storage is necessary, and a large fraction of the existing
reservoir space in the Nation is in the Western Mountain region or
on the principal streams not far outside its boundaries.
Because of the thinness and rapid draining of the mantle rock
and because of the generally small permeability contributed by the
scattered fractures in the rocks below, it is not easy to obtain ground
water by drilling in the areas shown as blank in plate 1. Fortunately,
small springs are common; and these and wells in the valleys,
together with small surface reservoirs, suffice to meet domestic needs
in most places.
On the whole, then, the Western Mountain Ranges constitute a
region that readily meets the needs of its own population for water
and has a large surplus for export.
2. ALLUVIAL BASINS

The Alluvial Basins are the recipients of the water that flows
from the.adjacent and included highlands. They consist of a vast
depressed area bounded by highlands and dotted with isolated mountain ranges. They represent the sunken blocks of the earth's crust
that intervene between uplifted mountain blocks or plateaus, and
they have been partly filled by erosional debris washed out of the
highlands by water. This "valley fill," sorted out and given an even
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surface by the action of running water, could hardly be better
designed to provide a useful habitat for man. The sorting action
of the water divided the debris into gravel, sand, silt, and clay; and
though the bulk of the fill is silt and clay, the stringers and sheets
of sand and gravel are abundant and scattered enough to be excellent aquifers. The upper part of the fill has been deposited mainly
in the latest period of the earth's geologic history, the Quaternary.
The first of the period's two epochs, the Pleistocene, or Ice Age, was
wetter than the present one, the Recent, and the debris washed down
was coarser making for good aquifers. With the emergence of the
dry climate of the present, the flow of streams slacked off and the
debris washed out was finer not as good for aquifers but better as
raw material for soil. And, the leveling action of the stream waters
provided the final touch a surface ideally suited for large-scale
cultivation with little or no preparation besides plowing.
Thus the fertile valleys were formed, and as they once looked to
the highlands for their origin, they now look there for their water.
As shown in plate 1, the Alluvial Basins include the Great Basin
in Nevada, Utah, and California a part of the Basin and Range
physiographic province and the extension of that province around
the south edge of the Colorado Plateau through southern Arizona
and New Mexico. As defined they extend beyond the Basin and
Range province into Texas on the east and around the Sierra Nevada
to include California's Central Valley and its southern, drier Coast
Ranges and associated valleys on the west. They include also the
alluvial valleys of the Puget-Willamette trough between the Coast
Ranges and the Cascade Range in Oregon and Washington; these
are not as dry as the main part of the region, but they are much
drier than the surrounding highlands and are otherwise similar in
origin and hydrology to the drier basins in the main part of the
region.
The alluvial fill is ideally constructed to absorb and carry water
from the same streams that laid it down. At the mouth of each
canyon draining an area large enough to provide a respectable flow
of water, an alluvial cone, or fan, was deposited in which permeable
channel sand and gravel occupies the apex and then branches out
into the finer grained material beyond like the fingers of a hand. The
fill of each valley consists of the coalescing alluvial fans deposited
from all the surrounding canyons. Together the fill of all the basins
provides, in its sand and gravel members, storage space for water
that vastly exceeds the amount that could ever be stored behind
dams in the mountains perhaps equivalent to more than a hundred
Lake Meads. The fill of most of the basins includes aquifers permeable enough to yield hundreds or even thousands of gallons of water
per minute to individual wells; and, though the ground water in
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the central part of the closed basins may be contaminated by salt
laid down as water evaporated from dry lakes as its only means of
discharge, the water in the outer parts of the basins is of good
quality and is suitable for irrigation and other uses.
There is one thing wrong with this picture. The rate at which
water can be used in the region exceeds the rate at which water can
be brought into it. Long ago Major John Wesley Powell (1891, p.
251), explorer of the Grand Canyon and second Director of the
U.S. Geological Survey, estimated that not more than a tenth of
the roughly 900 million acres west of the 100th meridian could be
irrigated with the available water, whereas about half the area would
be suitable for irrigation if enough water could be made available.
Even this seemingly conservative estimate was too generous, for by
1957 only about 32 million acres was irrigated in the Western States,
of which very roughly half lies in the Alluvial Basins region of this
report. The U.S. Department of Agriculture (1959b, table 6, p. 7)
estimates that the total in the Western States may increase to about
40 million acres by the year 2000. The U.S. Bureau of Reclamation
(1960, p. 47-68) lists 1,085 potential irrigation projects in the Western States and says (p. 25) that 90 percent of them could conceivably be developed by the year 2000, adding 17 million acres to the
present total. The Bureau recognizes, however, that the full potential of irrigation in the West will never be reached because of such
factors as cost, competition by other uses of water, and legal limitations on export of water from one area to another.
The high productivity and large storage capacity of the alluvial
aquifers have encouraged development of ground water for irrigation
to an extent probably far beyond what Powell (1891, p. 204) had in
mind when he spoke of the irrigation potential of "sand reservoirs,"
or shallow alluvium, and "artesian waters," or the deeper, confined
sand and gravel strata some distance from the mountain fronts.
Something approaching one-third »of the irrigated acreage in the
Alluvial Basins region is watered from wells. By far the largest
area irrigated with ground water in a single valley is that in the
San Joaquin part of the Central Valley of California, where about
9 million acre-feet of water was pumped for irrigation in the year
ended March 31, 1956. Potentialities exist for the irrigation of many
thousands of acres more in undeveloped or little-developed basins in
the region.
But again, there is something wrong with this picture. The rate
at which the ground water in most of the basins is replenished is far
below the rate of withdrawal that has been or could be achieved.
The result is actual or potential depletion of ground-water storage
and declining water levels. Again, the largest area of storage depletion is the San Joaquin Valley, but numerous other ground-water
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basins in central and southern California and southern Arizona and
New Mexico and a few in Nevada and Utah are fully developed or
overdrawn. Those overdrawn as of 1950 are shown by Thomas (1951,
pi. 2; 1952a, fig. 7). As of 1960 a few new basins had been added
to the list, and the situation had deteriorated further in most of
those on the 1950 list. (See sections on individual States for more
information.)
Artificial recharge of ground water by "water spreading" infiltration of water released from reservoirs into natural stream channels or onto the adjacent parts of alluvial cones has been practiced
for many years, especially in southern California. This practice of
combining the functions of surface and underground reservoirs is
bound to grow until ultimately there will be no more escape of
usable water than is necessary to carry off accumulated salt and
other wastes and to meet other essential uses for streamflow. One
of the most ambitious projects of this type is proposed for the San
Joaquin Valley. There, in essence, water that formerly had to be
allowed to flow to the lower part of the valley to meet vested rights
will be retained in the southern part and artificially recharged to
the aquifers and will be replaced with water diverted southward
from the more abundantly supplied Sacramento River basin.
Nevertheless, artificial recharge no matter how diligently carried
out can hardly bring the perennial ground-water yield of the Alluvial
Basins up to their short-term potential. Neither can salvage of
water now "consumptively wasted" (Thomas, 1951, p. 217) by
phreatophytes (water-loving plants) of low economic value, about
16 million acres of which use some 20 to 25 million acre-feet of
water annually in the 17 Western States (Eobinson, 1958, p. 25).
The U.S. Bureau of Eeclamation (1959, p. 12) estimates that about
100,000 acre-feet per year of the waste was being salvaged as of 1960
and that this figure could be increased to about 1,000,000 acre-feet
per year by 1980. If this seems a small proportion of the total, it is
because phreatophyte control costs money and the estimate of 1980
salvage takes into account the economic facts of life.
Solution of the water problems of the Alluvial Basins, short of
scientific and technological breakthroughs that would enable cheap
conversion of sea water and other saline water or importation of
water from regions of surplus far more distant than can now be
reached, seems to lie along the following lines:
1. Increased efficiency of water use, as for example by reducing
wasteful application of irrigation water which still exists, by
recycling water in industrial plants, or by purchase of irrigation
water rights and conversion to uses that produce more dollars per
acre-foot of water.
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2. Development of increased storage capacity in surface reservoirs
to save water now lost to saline playa lakes or to the sea, coupled
with
3. Cyclic pumping of ground-water reservoirs to create storage space
and maintain adequate water supplies during dry seasons and
years, and artificially assisted replenishment during wet seasons
and years with surplus water from the surface reservoirs.
4. Salvage of water consumptively wasted by phreatophytes by
eradication, by pumping (denying the water to the phreatophytes
and putting the water to other uses), and by replacing the lowvalue phreatophytes with useful plants.
5. Artificially induced increases in precipitation, where feasible.
6. Conversion of saline water, for uses in which the cost is tolerable.
7. Importation of water from areas of surplus, such as from northern
to southern California as proposed under the State Water Plan.
Present trends in population, agriculture, and industry give the
West a large share of the expected growth of the Nation, and the
Alluvial Basins are already demonstrating that they will account
for not less than their full share of the West's increase (Heindl,
1962). Water problems, already serious, will multiply many fold.
A large part of the Nation's effort to secure its water supply will have
to be spent here. Thomas (publication pending) presents an unusually
interesting and challenging discussion of the fundamental water
problems facing the arid West, and of the hard choices that will
have to be made.
3. COLUMBIA LAVA PLATEAU

The Columbia Lava Plateau is a large area formed principally
by extrusive volcanic rocks, mainly lava flows, which are interbedded
with or overlain by alluvium and lake sediments. It corresponds
in general with Meinzer's Columbia Plateau lava province. It is a
rather high, generally dry plateau drained largely by and dissected to considerably depth by the Columbia Kiver and its tributaries, the most important of which is the Snake Kiver.
The plateau is bounded on the west, north, and east by the Cascade
Range and the Rockies, which along with vents in the plateau
itself were the sources of the lava flows. On the south it merges
with the Great Basin. In fact, on the southwest it overlaps with the
Alluvial Basins region (pi. 1), there being a sizable area where the
hard rocks are mainly volcanic but in which the structure is
dominated by the block faulting typical of the Great Basin, and in
which the basins between mountain blocks are filled with alluvium
as they are farther south.
The region gets its water in part from local precipitation, especially
where elevations are highest (up to 10,000 feet), but mainly from the
mountains on the west, north, and east. Many of the valley bottoms
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and the extensive, gently sloping benchlands are irrigated, mainly
with water from streams but to an increasing extent with ground
water.
The lava rocks include many permeable zones formed by shrinkage
cracks and, especially, by the covering over of the rough surfaces of
lava flows by the chilled bottoms of the next flows, which did not
fill in the irregularities completely. Also, large "tubes," some of
tunnel size, were formed in places where streams of molten lava
became crusted over with solidified rock and then drained out from
beneath the crust as the lava supply was cut off. Thus the lava
rocks, which in places are thousands of feet thick, are of high overall
permeability in many large areas (Mundorff, 1960). In these areas
they absorb water freely from streams flowing over them and from
irrigation water spread over them, and they form an enormous and
exceedingly productive aquifer having large aggregate storage capacity. The large storage and the generous recharge from mountain
streams that run onto the relatively undissected lava plateau at the
foot of the mountains give many of the streams draining these rocks
an unusually well-sustained base flow (Piper, 1948, p. 516-518)
including that supplied by the Thousand Springs along the Snake
River and others which are among the Nation's largest springs
(Meinzer, 192Ya, p. 42-Y9).
The water supply of the region has been developed on a large scale
for irrigation and power production and can be developed further
for these and other uses, although as Thomas (1952a, p. 31) points
out the withdrawl, hydropower, and other needs conflict to some
extent. The deep dissection of the plateau by streams provides many
good reservoir sites, but the same depth of dissection necessitates
careful selection of sites to enable transportation of the stored water
by gravity or with minimum pumping lifts.
Also, the depth of dissection permits ground water to drain to
levels that are far below the surfaces of the higher plateaus. Thus,
both ground water and surface .water are easiest to come by in the
valley bottoms, some of which have tended to become waterlogged
as a result of application of the readily available water, as well as
by increased flow of ground water resulting from irrigation of
higher benchlands. A dramatic example of increased ground-water
flow .esulting from irrigation is furnished by the Thousand Springs
and springs above and below them in the stretch of the Snake River
between Milner and King Hill, Idaho. The average inflow to the
river in this stretch, derived principally from spring flow, increased
from about 3,800 cfs (cubic feet per second) in 1902, before irrigation was practiced widely, to 8,000 cfs or more by 1942 (Thomas,
1952a, p. 33), largely as a result of irrigation north of the river.
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The great depth to ground water in many areas has ruled out
drilling of wells for irrigation, but improvements in drilling and
finishing techniques, increases in efficiency of pumps, reduction in
cost of electric power, and high productivity and small drawdown
of wells have combined to make ground-water irrigation increasingly
practical. For uses in which the cost of pumping is less significant
than it is in irrigation, such as many industrial uses, ground water
is even more promising. There are, however, substantial areas where
depths to water or low permeability of the rocks will discourage
development of ground water for any but modest uses.
The ground-water reservoir, in the more permeable parts, offers
great promise as a medium for storing surface water during times of
surplus and drawing on the water by pumping it or allowing it to
reach the streams to increase their base flow. Artificial-recharge
projects intended to take advantage in this way of the large storage
capacity of the rocks above the present water table will need to be
carefully designed on the basis of good geohydrologic information
so as to assure that the water will get into the rocks and go where
intended without detrimental side effects such as waterlogging. One
of the promising approaches is location of aquifers in which water
can be dammed against structural barriers such as folds and faults
and can be recovered by means of wells in some places, flowing
wells drilled just upstream from the barriers (Newcomb, 1961b).
In addition to that in lava rocks, ground water is found in unconsolidated deposits interbedded with lava flows or lying in valleys
cut into those rocks. The interbedded deposits are commonly not
as productive as the most permeable lavas, although in places they
are better aquifers than the lavas in the immediate vicinity. The best
unconsolidated deposits are glacial outwash gravel along present
streams, such as along the Columbia River (Mundorff, publication
pending; Newcomb and Brown, 1961), or in abandoned melt-water
channels.
In summary, the Columbia Lava Pleateau is an area of large
surface- and ground-water supplies having considerable potential for
further development. Conditions are especially favorable for integrated development of water to take advantage of good surfacereservoir sites and of the storage capacity and permeability of the
lava rocks and of bodies of alluvium such as that along the Columbia
River.
4. COLORADO PLATEAUS AND WYOMING BASEST

The ground-water region formed by the Colorado Plateaus and
Wyoming Basin combines the physiographic provinces of the same
names (Fenneman and others, 1946). It was designated the Colorado Plateau region by Thomas (1952a). A dashed line on plate 1
shows the approximate boundary between the two physiographic
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provinces, the Colorado Plateaus to the south and the Wyoming
Basin to the north.
The region is an extensive area of sedimentary strata, chiefly
interbedded sandstone and shale, which in general are nearly horizontal but in places are tilted or folded and in others are broken by
faults into large blocks forming plateaus that stand at different
levels. The plateaus are deeply dissected by streams, principally
.the Colorado River and its tributaries and, in the northern and eastern parts'of the Wyoming Basin, tributaries of the Missouri. The
Grand Canyon of the Colorado is the most spectacular "cut" in the
region. The plateaus are surmounted by a few mountains, mostly
extinct volcanoes such as the San Francisco Peaks near Flagstaff,
Ariz., and Mount Taylor between Gallup and Albuquerque, N. Mex.
The region in some respects is similar to the Columbia Lava
Plateau. It is rather high, rather dry (a little drier than the Columbia Plateau), and considerably dissected. The resemblance ends
there, however. The sedimentary strata of the Colorado Plateau
region are much lower in average permeability than the lavas of the
Northwest, and the climate is warmer, and so the precipitation is less
effective in generating runoff and ground-water recharge. Most
important, however, less surface water is able to reach the plateaus.
The region is bounded by mountains along a smaller part of its
perimeter; the mountains receive less precipitation; and, in contrast
to the Columbia Plateau, even along the mountain slopes the dissected
edges of the plateaus form scarps standing higher than the adjacent
land, so that streams coming into the region are below the plateau
surfaces right from the start. A few of the higher plateaus receive
relatively abundant precipitation, some of it in the form of snow.
However, there is less snow and it melts more quickly than in the
mountains, and the aquifers have no great storage capacity and are
not well situated to receive recharge, so that the water runs off
quickly and the streamflow is not well sustained. Furthermore, the
rocks are nearly bare of vegetation in the drier and larger part
of the region, and they yield enormous quantities of sediment to the
streams enough to add materially to the complexity and cost of
making use of the water received from some of the muddier
tributaries.
The area structurally and hydrologically most favorable for
recharge of the sandstone aquifers is the uptilted south edge of the
Colorado Plateaus, the Mogollon Rim, where the land is high enough
to receive abundant precipitation, some of which can enter the aquifers cropping out on the relatively gentle slopes to the north.
On the whole, therefore, the Colorado Plateaus-Wyoming Basin
region is a water-poor area. The annual runoff is half an inch or less
671316 O 63
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per year in most of it, and most of the aquifers are not highly productive and are not well situated to receive recharge. Possibilities
of constructing surface reservoirs in addition to those existing or
planned are limited by evaporation, which will take an increasingly
larger share of the stored water as the sites offering relatively deep
storage and small surface area are occupied. For example, Langbein
(1959, p. 4) points out that increase of main-stem storage on the
Colorado River from the present 29 million acre-feet to the planned
50 million acre-feet will result in only a small net increase in water
supply, as evaporation will increase by nearly as much as the increase
in water supply.
Even though prospects are poor for large-scale ground-water
development in most of the region, the small water supplies badly
needed both to meet domestic needs and to extend the grazing range
of sheep and cattle, and so use the land more effectively, are widely
available. Control of ground-water occurrence by the stratigraphy
and structure of the rocks is so marked, however, that careful study
by competent ground-water geologists is needed to locate wells whose
chances of success will be high. Such studies have been carried out
in recent years by the Geological Survey for the Bureau of Indian
Affairs and the Xavajo Tribe and have shown that the risk of drilling
unsuccessful wells can be reduced nearly to zero by careful work
(Harshbarger and others, 1953, p. 116-124; Akers, 1960b).
Most of the aquifers are beds of sandstone, although limestone
and alluvium carry water in a few places. The average productivity
of the aquifers is low, and wells commonly yield only a few gallons
or tens of gallons per minute. The most productive consolidated
aquifer is the Coconino Sandstone of Permain age, which yields several hundred gallons per minute to some wells (Babcock and Snyder,
1947, p. 5, 7-10; Johnson, 1962b). The sandstone crops out on the
north slope of the Mogollon Rim, passes beneath other rocks, and
carries artesian water downdip to the Little Colorado and Zuni
Rivers, where much of the water comes up in springs or is tapped
by flowing and pumped wells. Farther north, the circulation in the
Coconino is restricted and the water becomes salty.
Water-bearing alluvial deposits are scattered and few are of large
extent, The largest are at the foot of the mountains in the northern
part of the region. Deposits in the Uinta Basin at the foot of the
TTinta Range in northeastern Utah and at the foot of the Wind River
and Medicine Bow Mountains in Wyoming are the principal ones
and are potentially rather productive, though little developed to date.
Larfre-scale development and consumptive use will have to take into
account the effect on surface runoff, however.
The region could use far more water than is ever likely to be available in the absence of major breakthroughs in reducing the cost and
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increasing the practicability of building reservoirs, pumping water,
reducing evaporation from reservoirs and transpiration by low-value
phreatophytes, converting saline water, and inducing increased precipitation. Nevertheless, the possibilities for new developments,
though small in comparison to those of better watered regions, can
produce substantial percentage gains in the economic base of the
region by improving the adequacy and reliability of domestic and
stock supplies, by supporting additional irrigation in favorable areas,
and by encouraging establishment of strategically located industries
having small water requirements but taking full advantage of the
human resources of the region as well as those of its mines and
forests.
6. m«H PLAINS

The High Plains ground-water region (Lohman, 1953a) is approximately coextensive with the High Plains section of the Great
Plains physiographic province of Fenneman and others (1946).
Thomas (1952a) designated it the Great Plains ground-water region.
It is a very sizable remnant of a gigantic alluvial apron which was
formed in late Tertiary time (when alluvial filling of many of the
valleys of the Alluvial Basins region to the west began) and which
formerly extended uninterrupted from the foot of the Rockies and
the mountains to the south in New Mexico to an unknown terminus
probably some hundreds of miles east of its present edge. The alluvium was deposited on the eroded, gently undulating eastwardsloping surface of a thick body of stratified sandstone, shale, and
limestone of Paleozoic, Mesozoic, and early and middle Tertiary age.
These strata form a large structural basin trending generally northsouth. Their sharply upturned edges lie at the foot of the Rockies
and the Black Hills on the west, and their gently upward-sloping
eastern extensions crop out in broad belts east of the High Plains.
The alluvium of this vast plain, the bulk of which is uniform
enough to be classified as a single stratigraphic unit, the Ogallala
Formation, covered the eroded older rocks to thicknesses that reach
more than 500 feet in places. In large areas the original depositional
surface is almost intact, forming a flat, imperceptibly eastwardsloping tableland modified only by shallow depressions, or "sinks,"
of uncertain origin and by sand dunes. Around the edges of the
Plains, however, the alluvial apron has been stripped away by erosion
and the Plains are now isolated from the Rockies. Also, the Canadian
River has cut to bedrock in all its course across the High Plains in
Texas and Oklahoma, and the alluvial apron has been reduced to
narrow "waists" by tributaries of the Red River to the south and
by the Smoky Hill River in western Kansas to the north (pi. 1).
The sediments of the apron have been reduced in thickness along all
the other major streams, and have been stripped away entirely along
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stretches of some of them, especially along the Kepublican Kiver
and its tributaries in southwestern Nebraska and northwestern Kansas. The effect of this dissection is not all bad, however, because
the beds of the streams themselves contain water-bearing alluvium,
derived largely from the adjacent alluvial apron. The water supply
of these younger deposits is discussed later.
In Nebraska between the Platte and Niobrara Kivers, the original
depositional surface of the Plains has been built up by an extensive
deposit of windblown sand, forming the well-known Sand Hills
(Lohman, 1953b). These deposits increase the thickness of unconsolidated material available to serve as an aquifer and are exceptionally well situated to receive water from precipitation and transmit it to the water table.
The deposits of the alluvial apron are better sorted than the
torrentially deposited alluvium of many of the Alluvial Basins and
contain a high proportion of sand and fine gravel. Where of substantial thickness, they form an aquifer capable of yielding from
a few hundred to more than a thousand gallons of water per minute
to individual wells. The "bedrock" strata upon which the alluvium
rests are generally of low permeability, and what little water they
contain tends to be rather highly mineralized. In a few areas, however, the bedrock immediately below the alluvium yields substantial
supplies of usable water. Examples are areas in Nebraska where
the Brule Formation, a fine-grained but fractured siltstone of Tertiary age, yields generally moderate but locally large quantities of
water from the fractures (Wenzel and others, 1946, p. 66-70), and
areas in New Mexico and Texas where rocks of Cretaceous age
beneath the alluvium constitute a rather productive aquifer (Cronin
and Wells, 1962). Also, sandstone and limestone strata at various
depths in the bedrock, including the famous artesian sandstone known
as the Dakota, are capable of yielding some water. This water is
commonly is highly mineralized and unsuitable for ordinary uses, however.
Hydrologically, the region is a poor producer of water over the
long term. The line along which the average annual precipitation is
20 inches runs up about the middle of the High Plains; the precipitation increases by as much as an inch or two to the east and
decreases by a similar amount to the west. The flatness of the land
surface and the general dryness of the climate promote absorption
of precipitation by the soil and subsequent evaporation and transpiration, and discourage both surface runoff and ground-water recharge. Surface runoff is half an inch or less in places virtually
zero in most of the southern two-thirds of the region, rising to an
inch at or a little beyond the east edge. More generous ground-water
recharge in the Sand Hills of Nebraska provides a strong contrast;
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the runoff there, a high proportion of which represents ground-water
seepage, is mostly above an inch and rises to a little more than 5
inches in the most productive area (pi. 1). There are some sanddune areas elsewhere in the region, such as the area in Hartley
County, Tex., where the city of Amarillo has purchased a sizable
tract of this agriculturally poor but relatively water-rich land to
safeguard its future water supply (Moulder and Frazor, 1957, p. 4).
The dune-sand areas in this part of the High Plains do not generate
enough streamflow to change the pattern of the generalized runoff
contours, however.
Ground-water recharge from precipitation, except where assisted
by such favorable materials as dune sand, is extremely small. It
is impeded by tight subsurface layers, especially the lime-cemented
rock known as caliche. Most importantly, however, it is reduced by
the fact that seldom is there enough precipitation to wet the soil
beyond field capacity. Information is accumulating to the effect
that, in most of the High Plains, ground-water recharge occurs
mainly in exceptionally wet years and meagerly or not at all in dry
and normal years. Also, there is evidence that a considerable part
of the recharge occurs from the "sinks," in which storm runoff
accumulates until it evaporates or infiltrates to the water table
through solution cavities in the caliche.
Recharge in the southern High Plains of Texas can be estimated
in a general way from the results of measurements or estimates of
seepage made along a 75-mile stretch of the eastern escarpment of
the plains in Briscoe, Floyd, Motley, Dickens, and Crosby Counties
and from estimates of transpiration by phreatophytic vegetation
along the scarp and in valleys cut into it (White and others, 1946,
p. 390-391). The total discharge, which represents underflow from
an area of about 9,000 square miles of the High Plains upgradient
from the stretch of the scarp investigated, was estimated at 25,000
to 30,000 acre-feet per year. By extrapolation, the total natural
discharge from the southern High Plains in Texas the part south
of the Canadian River can be estimated at perhaps no more than
50,000 to 75,000 acre-feet per year. The natural discharge at. the
edges of the plains has not yet been reduced perceptibly by the
pumping of wells within the plains. It can be assumed with some
confidence that the natural discharge is equal to the natural recharge
over a long period of time; therefore, the recharge also is estimated
at roughly 50,000 to 75,000 acre-feet per year. This is equivalent
to only a small fraction of an inch of water per year spread over
the southern High Plains of Texas.
Recharge probably tends to increase slowly northward as the
climate becomes colder, but it probably exceeds an inch per year
in few places except in the Sand Hills of Nebraska, where runoff
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of 1 to 5 inches a year fed almost wholly by ground-water outflow
indicates recharge in similar amounts.
The productiveness of wells in the High Plains region has encouraged use of water for all purposes, but especially for irrigation, and
especially in Texas though to a rapidly increasing extent farther
north and in New Mexico to the west. The development in Texas
has grown at a rate not paralleled elsewhere in the United States.
It reportedly began in Hale County in 1911 and grew slowly until
1937, when about 600 wells were in use in the southern part of the
High Plains in that State at the start of the year; the number
nearly doubled during the year. By 1943 there were about 3,000
wells and by 1951, about 14,000. By the end of 1954 about 27,000
wells were in use, and 5,000 more were drilled in 1955, 2,700 in 1956,
6,000 in 1957, and 3,000 in 1958, when the total was about 44,000.
The acreage irrigated, less than 100,000 in 1937, was about 4.3 million
in 1958, and the pumpage since 1954 has averaged about 5 million
acre-feet per year. From 1938 through 1957, something like 36
million acre-feet of water was pumped in the southern High Plains
of Texas (Cronin, publication pending). Nearly all of it was consumptively used, as there is probably very little return flow to the
water table from the comparatively modest amounts applied generally between 1.2 and 1.5 acre-feet per acre per year.
From the disparity between withdrawal and recharge and from
the fact that the natural discharge continues unabated, it is apparent
that virtually all the withdrawal in heavily pumped areas comes
from storage the water is being "mined." And this is in spite of
the recovery, or slowing of the decline, of water levels in wet years
such as 1941, for the relatively abundant recharge in such years
simply balances the small or nonexistent recharge in dry years
to add up to the long-term average. The analogy to other depleting
resources is the subject of a suit against the United States, filed in
the U.S. District Court at Lubbock, Tex., on February 21, 1961,
seeking to establish the right to a depletion allowance for ground
water in filing income-tax returns (High Plains Underground Water
Conservation District No. 1, 1961, p. 1).
There is still a lot of water in storage in the southern High Plains
of Texas. A part of it is not available at all it is held by capillarity
when the water table is lowered (specific retention) and will not
drain into a well. The volume of water that will drain out equivalent to the specific yield, or drainable pore space is estimated to
average 15 percent of the total volume of the aquifer. As of 1958
the "drainable" water remaining in the southern High Plains of
Texas was estimated at roughly 200 million acre-feet. A very substantial part of this water is not practically available, however,
because of factors such as cost of pumping and decrease in yields
of wells due to overlapping of their drawdown cones.
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The water table in the southern High Plains of Texas has declined
substantially except in areas remote from pumped wells. Already
the thickness of the zone of saturation has been reduced by half
or more in some areas where it was not great even at first, and
in these areas well yields have decreased appreciably (Cronin, publication pending). It is now generally recognized that the ground
water is a disappearing resource in ever larger areas of the South
Plains, as the area is known in Texas, and that the additional water
to be made available from proposed artificial storage on the Canadian
River, the only perennial stream, will be only a drop in the bucket
in comparison to the current withdrawal. The problem, then, is
one of an orderly adjustment to the decreasing water supply. In
consideration of the contrast in value of crops between irrigated
and dry-farmed land, water-conservation practices are being pursued
aggressively because even the few years they may extend a local
irrigation supply represents that much more income. These practices include making use of the surface water that gathers in the
"sinks," either by applying it directly to crops or by recharging it
down wells from which it is later pumped out (see Cullinan and
Reeves, 1961) ; distributing water in pipes instead of ditches; tightening up irrigation practices to prevent waste of water, and reusing
waste water that accumulates at the lower ends of fields; growing
crops that need less water; spacing wells more widely to draw on
more storage at a given pumping lift; and following land-treatment
practices such as summer fallowing to conserve moisture from precipitation (Cronin, publication pending).
Under Texas law, a ground-water conservation district embracing
most of the South Plains, another one in Martin County to the south,
and another in the North Plains north of the Canadian River have
been formed. The districts are empowered to make rules and regulations for the conservation of ground water. So far, the principal
measures have been enforcement of rules governing minimum spacing
of wells and active promotion of conservation practices. It is too
early to guess at what additional controls, or steps facilitating a
conversion from an irrigation to a nonirrigation economy, may be
tried in the future, but the experience of the High Plains of Texas
will be a valuable guide to water users in other parts of the High
Plains. All the High Plains region except, perhaps, the Sand
Hills of Nebraska ultimately will face the same decisions, and the
Sand Hills area will have its own special problem of correlating local
ground-water rights with downstream rights to the use of surface
water fed by ground-water seepage from the sand.
Ground water under the uneroded part of the High Plains region
is recharged by local precipitation. The sand and gravel aquifers,
which formerly reached all the way to the Rockies and which once

44

ROLE OF GROUND WATER IN NATIONAL WATER SITUATION

were fed by mountain streams just as similar aquifers still are in the
Alluvial Basins region, are now cut off from that source. Streams
crossing the High Plains that have cut all the way to the bedrock
beneath the Ogallala Formation, such as the Canadian River, no
longer contribute water to the Ogallala. If anything, they receive
water from the Ogallala, but not much because there is not much
to receive, and a great deal of the water that does seep out at the
base of the Ogallala along the valley walls is consumed by evapotranspiration. As pointed out previously, however, the larger streams
themselves have laid down alluvium along all or part of their channels, and this alluvium receives water from the streams that represents an addition to the ground-water supply of the region. Furthermore, some large streams have not cut all the way through the
unconsolidated deposits, and the alluvium along them is in hydraulic
continuity with the adjacent and underlying Ogallala Formation.
This means that the streams may receive water from their own
alluvium and the Ogallala Formation in times of low water, and
may contribute water to the unconsolidated deposits at times of
high water, or when wells near the streams are pumped heavily
enough to lower the adjacent water table.
Thomas (1951, p. 136) applies the term "watercourse" to a stream
and the associated deposits along which interchange of ground and
surface water can take place. This usage conforms with the classical
definition of a watercourse as a legal entity, as cited by Hutchins
(1942, p. 7-8). It is "a definite stream in a definite channel with a
definite source or sources of supply, and includes the underflow."
The term applies in the High Plains whether the valley has been
cut all the way to bedrock and the stream has only its own alluvium
with which to exchange water, or has been cut down only part
way so that the Ogallala Formation as well as the younger alluvium
is involved in the exchange. Streams of the first type include the
main stem of the Canadian River in Texas, the North Fork Canadian
River in its last 75 miles in the High Plains in Oklahoma, and the
main stem and most of the tributaries of the Republican River in
southwestern Nebraska and northwestern Kansas. Streams of the
second type include the upper part of the North Canadian in the
Oklahoma Panhandle, the Cimarron River in southwestern Kansas,
the Arkansas River in Kansas, the Platte River and its tributaries
except for the westernmost 100 miles or so of the main stem within
the High Plains, tributaries of the Republican in south-central
Nebraska, and the Niobrara River and its tributaries at the north
edge of the High Plains in northern Nebraska and southernmost
South Dakota (pi. 1).
The Platte and the Arkansas are the largest two streams and
the ones along which interchange of ground and surface water has
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been promoted to the greatest extent by large-scale development of
irrigation with both surface and ground water. The Platte especially
furnishes an excellent example of multiple use of water, as Thomas
(1952a, p. 43) and Waite and others (1949, p. 25-26, 78-79)
point out. Water from the South Platte in Colorado and from
the North Platte in Wyoming and Nebraska has already been used
extensively for irrigation above the junction of these streams in
western Nebraska. For more than a hundred miles downstream
from the junction, water is repeatedly diverted from the stream,
directly or by means of wells, used for irrigation, arid returned
to the stream less the amount consumptively used on the fields.
The water tends to become mineralized from this repeated use, in
spite of the dilution resulting from a climate that becomes wetter
toward the east.
In the present situation of varying water laws from State to
State and of incomplete development of both legal and technical
means for managing the total water supply to minimize disruptive
effects on downstream water rights both in and beyond the High
Plains, there are bound to be difficulties in achieving fully efficient
development of such watercourses. Nevertheless, these watercourses
along with Nebraska's Sand Hills are the brightest spots in the
water situation of the High Plains; and in the areas where they
are found, they furnish some relief in an otherwise rather unpromising picture.
6. TJNGLACIATED CENTRAL REGION

The Unglaciated Central region is a vast area in the interior of
the United States. Except for the High Plains ground-water region,
just described, it includes the unglaciated part of the country east
of the Rockies and Alluvial Basins, west of the Appalachians, and
north of the Gulf Coastal Plain (pi. 1). It includes in addition an
isolated area in Wisconsin, Minnesota, and Iowa a part of the
so-called Driftless area (see p. 49, 945) and it overlaps on the
southwest with the Alluvial Basins region (pi. 1). It corresponds in
a general way to Meinzer's South-Central Paleozoic province but
includes his Wisconsin Paleozoic province ("Driftless" area) and
the parts of his other provinces that are west of the High Plains
and east of the Kockies.
It is a large and complex region having a considerable range in
climate, but geologically it is characterized mainly by plains and
plateaus underlain by horizontal or gently dipping consolidated sedimentary rocks of Paleozoic, Mesozoic, and early and middle Tertiary
age. The land surface is gently undulating in most of the region, but
the part near the Rockies is considerably dissected and is characterized by high plateaus and mesas; sharp slopes, though providing
only moderate total relief, are found near major streams elsewhere.
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The strata are bowed up sharply in the foothills of the Rockies
and around the Black Hills of South Dakota and are folded and
faulted in the Wichita and Arbuckle Mountains of Oklahoma and
the Ouachita Mountains of Oklahoma and Arkansas. They are bowed
up more gently in certain areas which are structural domes but
which have been eroded and no longer stand much above the surrounding areas; in fact, in some places the upward arching of the
strata has made the rocks more susceptible to erosion, so that some
of these areas are now actually lowlands rather than physiographic
domes. These areas which are high structurally but not especially
high physiographically include the Big Bend country and central
Texas mineral area in Texas, the Ozark Plateaus in Missouri and
Arkansas, the Nashville dome in Tennessee, and the Blue Grass
region in Kentucky.
Alluvial deposits of substantial width and thickness and moderate
to high permeability are found only along the major streams, the
most important within the region being those along the upper Missouri and tributaries in Montana and Wyoming, the lower Missouri
and tributaries in Kansas and Missouri, and the stretch of the Ohio
River between Indiana and Kentucky. The Missouri and Ohio run
approximately along the boundary between the Glaciated and Unglaciated Central regions, crossing back and forth from one region to
the other. The alluvium is a good aquifer nearly everywhere along
both rivers, but of course only that in the stretches within the
Unglaciated Central region is of interest to us here.
The aquifers in most of the region are limestone and sandstone of
low to moderate productivity. The areas shown as blank in plate 1
include some aquifers that are among the least productive in the
United States, by reason of low yield, salty water, or, rather commonly, both. Such unproductive areas are found both in the dry
western and southwestern parts of the region and in much wetter
areas such as eastern Kansas and Oklahoma, west-central and northern Missouri, and parts of Kentucky and Tennessee.
Of the more productive aquifers, not many are truly outstanding.
The most productive ones include limestone in the Edwards Plateau
of Texas (most productive in the Balcones fault zone, which marks
the boundary between the Plateau and the Gulf Coastal Plain in the
area west and northeast of San Antonio), limestone and overlying
alluvium in the Roswell basin and Carlsbad area in the Pecos River
basin in New Mexico, limestone in the Ozark region from which issue
some of the Nation's largest springs, limestone in northern Alabama
and a strip running through Kentucky and Tennessee, sandstone and
glacial outwash in the "Driftless'' area of Wisconsin, and the
alluvium along some of the major streams. Some few others, though
not truly very permeable or productive, are well known because of
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high initial artesian head and availability of water by natural flow.
These include the Dakota Sandstone in the Dakotas and States to
the south and the so-called Trinity sands in northeast-central Texas.
In the region as a whole, limestone is the most productive single
type of rock, though the sandstone of the "Driftless" area is locally
capable of yielding 1,000 gpm or more to individual wells, and in
places the alluvium along the Ohio River can yield several thousand
gallons per minute of water which is readily replaced by infiltration
of river water. ^The largest natural flow from a well on record in the
Geological Survey is the initial yield of 24 mgd obtained from a well
drilled in 1942 in limestone at San Antonio, Tex. (Arnow, 1959, p.
13). Like the limestone in the Ozark Plateaus, the limestone of the
Balcones fault zone supports some large springs.
Cavernous limestone is a somewhat uncertain aquifer, however. A
well that penetrates a cavernous zone may have a very large yield;
one a short distance away may yield little or nothing. A well lonly
40 feet from that at San Antonio mentioned above has never yielded
much water.
Furthermore, a large yield may not indicate a large storage capacity in the rock. Thomas (1952a, p. 47-48) points out that the limestone aquifers of the Ozarks are in essence underground streams that
rise quickly in wet weather and fall off quickly afterward, so that
only the most favorably located springs have a well-sustained flow.
Limestone of the Pennyroyal country in southwestern Kentucky and
northwestern Tennessee is similar. Within a few tens of feet of the
land surface are large caverns that take the place of surface streams,
quickly discharging storm flow and sediment and drying up
rapidly. A well that entered such a cavern in wet weather would have
a yield governed only by the size of the pump, but would yield little
or nothing later. Meanwhile, a nearby well might yield only a few
gallons per day, and in this particular area if drilled deeper than
50 or 75 feet it might yield salty water.
On the other hand, some limestone reservoirs have a large storage
capacity and help to regulate streamflow, both in recharge areas
where they reduce flood peaks by absorbing water and in discharge
areas where they help to maintain base flow. The Edwards Plateau
and Balcones fault zone provide an outstanding example.
Although there are marked exceptions, it can be stated as a generalization that the region is characterized by consolidated-rock
aquifers the productivity of which is limited by low yield and by
the presence of saline water at shallow depth. The two characteristics
go together; it is because the permeability of the rocks is low that
their yield to wells is small and the circulation of fresh water is
restricted to shallow depths generally not much below stream level.
The salt is present because most of the rocks were deposited in the
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sea, and at depth they contain salt water which either is "connate"
laid down with the sediments or, if the connate water was flushed
out during some epoch of continental emergence, entered the rocks at
a later time when the land was again beneath the sea. In some areas
the rocks include thick beds of salt, which are obviously capable of
contaminating both ground water circulating through the rocks and
streams fed by ground water seeping from the rocks. Such salty
outflow, in some places supplemented by waste water from oil fields
and other industrial sources, and in others by acid water from coal
mines, complicates the problem of obtaining water of good quality.
The Arkansas Kiver in Kansas, Oklahoma, and Arkansas is rather
saline during a considerable part of the time, and hence not as useful as it might be either directly for water supply or as a source for
induced infiltration to wells. In the Malaga Bend of the Pecos Kiver
in southeastern New Mexico, discharge of about 200 gpm of saturated brine from salt springs has the effect of making a large quantity of river water, which already is of marginal quality, unfit for
use. In this particular area the geologic conditions are such as to
enable diverting the brine by means of wells and getting rid of at
least a part of the salt by evaporation of the brine (Cox and Havens,
1960, p. 51-53).
In some areas the porous, fractured, or cavernous nature of the
rocks and their geologic structure have enabled water to circulate
to considerable depths and to flush out whatever saline water was
present in the zone of circulation. Examples include the Koswell
basin in New Mexico and Balcones fault zone in Texas, where
cavernous limestone enables fresh water to descend to depths of
more than 1,000 feet, the Dakota Sandstone, and the so-called Trinity
and related sands in Texas and Oklahoma. As applied to the Dakota
Sandstone, the word "fresh" is relative, because the water in most
places contains somewhat more than the 1,000 ppm (parts per million) of dissolved solids that marks the boundary between fresh and
saline water in one widely used classification. In a large part of the
area underlain by the Dakota, the water in this aquifer is all that
is readily available, however, and it is used perforce.
Fresh water circulates to considerable depths in other areas also,
such as the Denver basin in Colorado; the Tri-State area of Oklahoma, Kansas, and Missouri, where the Koubidoux Formation of
Ordovician age at considerable depth yields better water than the
limestone of Mississsippian age above; and the "Driftless" area of
Wisconsin and adjacent States.
In a considerable proportion of the areas where there is deep
circulation, however, there is some danger of contamination of the
fresh water by invasion of saline water from adjacent, underlying,
or even overlying aquifers as a result of the lowering of the fresh-
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water head accompanying development. For example, the freshwater supply in several parts of the Roswell artesian basin in New
Mexico is being threatened by salt-water encroachment from areas,
or depth zones, in which the aquifers or associated rocks contain
salty water (Hood, 1960, p. 22-23; 1962).
In an area which is as large as the Unglaciated Central region,
and which in such large part has a subhumid or humid climate, the
ground-water reservoir cannot help but be of great overall value, in
spite of the small proportion of highly productive aquifers and the
sizable areas where even small water supplies are not easy to come
by. Too, the relatively generous precipitation in the central and
eastern parts of the region is reflected in runoff that generally
exceeds an inch per year. It exceeds 5 inches per year east of a line
running through east-central Kansas, Oklahoma, and Texas (pi. 1).
The region has a large population and includes a respectable
fraction of the Nation's productive farmland, and ground water has
done its share in enabling initial settlement and continued occupation of both rural and urban areas. The ground-water future of
the region seems to lie in learning as much as possible about the
ground-water resources and in developing them to the greatest
possible extent. Large water supplies can be obtained from wells
in favorable areas, especially by induced infiltration along large
streams running in alluviated valleys. Advantage can be taken of
these alluvial deposits and of some of the limestone reservoirs having
high permeability and substantial storage capacity by means of
induced infiltration or other forms of artificial recharge, which will
help reduce flood peaks and increase the base flow of streams. By
watching our hydrologic p's and q's, we can even develop additional
fresh water in some areas where saline water is a problem; and as
methods of salt-water conversion become more practical, we can make
use of the saline water itself.
7. GLACIATED CENTRAL REGION

The Glaciated Central region takes in the area between the northern Rocky Mountains on the west and the Appalachians on the east
and between the Canadian border on the north and the Unglaciated
Central region on the south. Within these boundaries the only area
not included in the region is the part of the "Driftless" area of
Wisconsin, Minnesota, and Iowa designated by Thomas (1952a) as
an offshoot of his Unglaciated Central region. (Robert F. Black,
US. Geological Survey, 1960, p. 1827, believes that even the "Driftless" area was glaciated; however, except for glacial outwash from
adjacent areas, typical drift deposits are absent, and this fact justifies omission of the '"offshoot" from the Glaciated Central region of
this report.)
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The region is similar to the Unglaciated Central region in climate,
physiography, and types of consolidated rocks and differs fundamentally in only one important respect. This is the presence above
the consolidated rocks of a mantle of "drift" deposited by the ice
and the melt waters of the continental glaciers that invaded the
conterminous United States from Canada several times during the
1 or 2 million years of the Pleistocene Epoch, which or the latest
glacial episode of which ended as recently as about 10,000 years
ago. (See Ericson and others, 1961, p. 282.) The glacial drift consists mostly of fine-grained rock debris, but like the valley fill of the
West it contains enough beds of water-sorted permeable sand and
gravel to constitute an important aquifer in large areas.
The average climate of the region of course is cooler than that of
the unglaciated region to the south. For a given amount of precipitation the runoff tends to be greater in the north than in the south.
(See p. 14.) On the other hand, the influence of the Gulf of Mexico
is such that the precipitation is greater at a given longitude in the
south than in the north, so that the runoff holds its own and even
tends to be slightly greater at a given longitude in the south than
in the north (pis. 1, 2).
The runoff in the Glaciated Central region exceeds 5 inches east
of a line running from northeastern Minnesota to northeastern
Kansas. It is generally less than an inch in the Dakotas and Montana.
The glacial drift is thickest in the Southern Peninsula of Michigan
(more than 1,000 feet near Cadillac) and the adjacent northern
three-fifths of Indiana, and nearly as thick in western Ohio, northeastern Illinois, north-central Iowa, eastern and northern Wisconsin,
a substantial part of Minnesota, and a few other areas. In these
areas it constitutes a ground-water reservoir that is important both
because it yields water to wells and because it helps to recharge
aquifers in the bedrock below it and also to sustain the base flow of
streams. It does not necessarily increase total runoff, however, as
is apparent from the runoff contours in plate 1. Also, some of it is
of low permeability at the land surface, and may shed water just
like any other impermeable rock. Figure 2 shows the hydrographs
of two streams in Indiana whose basins are only 50 miles apart and
which receive roughly comparable amounts of precipitation. Wildcat Creek flows from a basin floored with clayey "till," the ground-up
rock plastered across the countryside by the bottom of a glacier. The
creek responds quickly to precipitation and then falls off almost as
quickly to a low base flow. The Tippecanoe River drains a basin in
much of which permeable sandy, gravelly glacial outwash lies at
the surface. The outwash absorbs much of the precipitation, preventing sharp flood peaks, and then releases the water slowly to maintain
a larger base flow.
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FIGURE 2. Contrast in runoff pattern of drainage basins only 50 miles apart. Tippecanoe
River near Warsaw, Ind., and Wildcat Creek at Qreentown, Ind., 1947 water year.
Prepared by Indiana Surface Water district and included in McGuinness (1951a, fig. 6).

The ground-water reservoir of the Tippecanoe River basin above
Warsaw may increase the total water supply slightly over the water
supply of Wildcat Creek at Greentown. In a 5-year period of common record, 1945-49, the precipitation at the two Weather Bureau
stations nearest Warsaw (Columbia City and Rochester) averaged
about 3 inches less than that at the two stations nearest Greentown
(Kokomo and Marion) about 37 and 40 inches, respectively. The
average runoff at Warsaw was 10.64 inches per year, or only 0.38
inch less than the 11.02 inches at Greentown (U.S. Geological Survey,
1957b, p. 561, 565). Expressed in terms of percentage of the precipitation, the runoff at Warsaw was about 29 percent, a little more
than 1 percent higher than at Greentown. This difference is so
small, however, in comparison to the margin of error inherent in
measuring streamflow and in estimating precipitation from records
at scattered stations, that it is not safe to conclude that the runoff
per unit of precipitation is actually greater in the Tippecanoe River
than in Wildcat Creek. The data could be taken to support, instead,
the opposite conclusion that a good ground-water reservoir does
not necessarily increase the total water supply of its basin over that
of a nearby basin receiving similar precipitation but having a poorer
ground-water reservoir.
It is in economically available water supply that a ground-water
reservoir can make the difference. A good ground-water reservoir
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increases the base flow of streams and thus makes more water available in dry periods when the need is generally greatest. As bonuses,
it reduces flood peaks (and flood damage) and makes water available
to wells throughout its area of occurrence. In a basin having a poor
ground-water reservoir, water must be stored behind dams to be
available in large quantities in dry weather, flood damage is higher,
and water is not as readily available from wells. The annual runoff
in Tippecanoe Eiver near Warsaw in 1945^19 varied only from
9.59 to 11.42 inches, whereas in Wildcat Creek at Greentown it varied
from 7.75 to 13.09 inches. The contrast in high and low flows is
even more striking, as is apparent from figure 2. The lowest flow in
Tippecanoe Eiver near Warsaw in the 1945^19 water years was 7.5
cfs on October 16,1946, whereas that in Wildcat Creek at Greentown
was only 0.9 cfs on September 21, 1947. The difference this contrast
meant in availability of water for both supply and waste dilution is
obvious.
The contrast in runoff pattern between the Tippecanoe River and
Wildcat Creek is far greater than could be expected for the average
stream in the Glaciated Central region as compared with that in the
Unglaciated Central regio*n. Certainly the intake capacity of the
glacial drift is not sufficiently greater than that of the rocks in the
unglaciated region to reduce the peaks of flood resulting from major
storms, however much it might take the peaks off small floods. As to
low flow, however, it is to be expected that the average stream in the
unglaciated region will hold up better than its counterpart in the
unglaciated region.
It is to be expected also that, in the average locality, there will be
less difficulty in obtaining water from a well in the glaciated region
than in the unglaciated. There are few areas in either region (mainly
in the western part of both) where a large-diameter well not more
than a few tens of feet deep will fail to yield at least a few hundred
gallons per day of usable water, and of course such wells, owing to
their diameter, will provide enough storage to permit instantaneous
rates of use far beyond their average yield. There are no comprehensive data on which to base an opinion whether the average shallow
dug well in one region will yield more or better water than that in
the other region. Larger yields, however, are easier to obtain in the
glaciated region. Where of substantial thickness the drift tends to
include at least a few thin beds of sand or gravel capable of yielding
a few gallons to a few tens of gallons per minute. The principal
areas in the glaciated region where even such modest supplies are
difficult to get from the glacial drift are shown by absence of the
unconsolidated-aquifer symbol in plate 1. Among them are areas
underlain by fine-grained glacial-lake deposits along a part of the
shores of the Great Lakes; and areas of thin or clayey drift in south-
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ern Ohio and Indiana, southern and western Illinois, much of Iowa,
northern Missouri, northeastern Kansas, and eastern Nebraska. In
parts of western Minnesota and in the glaciated parts of the Dakotas
and Montana east of the Rockies, the drift even where thick tends
to be fine grained and lacking in productive beds of sand and gravel.
This is because it was derived from bedrocks mainly shale and finegrained sandstone that were not capable of furnishing large quantities of coarse-grained debris to the glaciers. In these areas the
principal aquifers are those along "watercourses," where the rapidly
flowing melt waters were able to sort out the glacial debris and, so to
speak, make the most of what was available by washing out the clay
and silt and leaving behind the sand and gravel. Watercourses are
the best aquifers also in the area of thin drift at the south edge of
the glaciated region between Nebraska and Kansas on the west and
Ohio on the east. Along these watercourses flowed melt-water streams
from glaciers that carried much coarser debris than those of the western area just described, and therefore the aquifers in the watercourses
are much more productive.
Note that, in substantial areas where the glacial drift is not
especially productive, the bedrock is capable of furnishing good yields
to wells. The glacial drift in these areas helps, at least, to recharge
the bedrock even if it does not yield freely itself. The principal such
areas are in western Ohio, eastern Indiana, and central Missouri.
Unfortunately, neither drift nor bedrock is especially productive in
the remaining areas-the blank areas in plate 1. In the subhumid to
humid eastern part of the region, there is at least a reasonably substantial surface-water supply in these relatively unproductive
ground-water areas; but in the western Dakotas and Montana, even
surface water is scarce except along major streams flowing from the
mountains. Throughout the poorly productive ground-water areas,
the base flow of streams is low and surface water must be stored if
water is to be available for large-scale uses in dry weather.
In the humid part of the region the population is large and industrialization is heavy. Even in the less humid part, population and
industrialization are large in relation to readily available groundwater supplies. Thus, in all parts of the region, there are scattered
localities where the ground water of the immediate vicinity is
approaching full development, or is even overdeveloped, as the result
of municipal or industrial pumping, or both. Examples of heavily
pumped areas are the Mill Creek valley north of Cincinnati, Ohio,
and the Indianapolis, Ind., Louisville, Ky., and Chicago, 111., areas.
In all these areas additional water is available from surface sources
or from wells some distance away from centers of pumping, but
not necessarily where needed. The local pumping has reached or is
6171316 O 63
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approaching the local capabilities of the aquifers; and additional
water, though available some distance away, is not necessarily available at a cost as low as the water users would like.
The principal uses of ground water in the region to date are for
domestic, municipal, and industrial supply. Except locally (especially
along watercourses), ground water is not used on a large scale for
irrigation in the drier western part of the region, not because it is
not wanted but because it is not available in the required quantities.
In the central and eastern parts of the region, full-scale irrigation is
not needed for most crops; but farmers are becoming increasingly
aware of the profit to be gained from applying an inch or a few
inches of water at times during the growing season when rainfall
is inadequate, not only to save crops from failure but to obtain optimum yields. Thus supplemental irrigation is a rapidly growing
practice, both here and elsewhere in the Eastern States. Water is
obtained from streams if readily available; if not, from wells. The
practice is creating a growing number of problems of competition
between users desiring to tap the same source, either for agriculture
or for other uses. The problems developing in a typical humid State,
Michigan, and the difficulties entailed in their solution are discussed
by Schmid (1961a). He points out the necessity of (1) taking advantage of sources of expert opinion at State level; but (2) using the
powers of all levels of government, State, county, and local, in arriving
at solutions; and (3) adopting a spirit of compromise rather than
antagonism among competing users. He makes another point that is
significant in a much broader context: that predictions of increases
in water use based solely on predictions of population increase are
unrealistic because they fail to take into account the effect of rising
water costs in forcing more economical use of water. He cites an example of an industrial company which, when it revised its accounting
procedures to show the actual cost of water instead of burying the cost
in plant overhead, discovered that the cost of water had risen enough
to make substantial revision of water-using practices worthwhile. The
result: a saving of a quarter of a million dollars in water costs in
2 years (Schmid, 1961a, p. 25; see also Ciriacy-Wantrup, 1960).
Schmid (1960) in another report discusses one of the important
phases of the increasing competition for water the impact of existing
water laws on water-resources development, and the impact of water
development on the formulation of new laws. In Michigan, as elsewhere, one of the most important questions is that of making water
rights sufficiently secure to justify the investment required to obtain
the water and put it to use.
Future major water needs of the drier western part of the region,
along with those of the adjacent part of the Unglaciated Central
region, will be met largely by storage of surface water, especially
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along the main stem and tributaries of the Missouri River. Except
for a few areas of sand or sandstone of only moderate productivity,
the principal aquifers are those along the watercourses. The watercourses are capable of vastly greater development than at present,
but the water they will yield to wells is not new water but a part of
the common supply feeding both streams and the ground. Nevertheless, integrated developments taking advantage of the substantial
ground-water storage along the principal streams will help in reducing flood peaks, in maintaining water supplies in dry weather, and in
reducing evaporation losses. Surface storage in the Upper Missouri
water-resource region (as defined by the Senate Select Committee) is
already developed on a large scale, and the feasible remaining
development will increase the total storage capacity by less than half
over the amount that existed in 1954 (U.S. Senate Select Committee
on National Water Resources, 1961a, table 5, p. 30). This region is
one that will be pushed to meet the needs predicted by the Select
Committee for 1980 and 2000.
The wetter central and eastern parts of the Unglaciated Central
region have more water, but they have big present and prospective
water demands too. The needs will be easier to meet than in the
western part because of more abundant runoff and more extensive
and productive aquifers, but to meet them will cost a lot of money
and take a lot of effort. Urban and industrial growth promises to
strain the existing water supplies in ever more numerous and larger
areas and to force the development of much new water at an increasingly greater cost per gallon. Competition for cheaply available
water for supplemental irrigation in rural areas also will increase,
and the consequent increased cost of getting water will result either
in slimmer margins of profit on irrigated crops or, in some cases,
in curtailment or abandonment of plans to irrigate.
8. UNGLACIATED APPALACHIAN REGION

The Unglaciated Appalachian region includes the unglaciated
parts of three physiographic provinces of the Appalachian Highlands, from east to west the Piedmont, Blue Ridge, and Valley and
Ridge provinces, plus, on the west, the elevated east edge of the
Appalachian Plateaus province. The region extends from Alabama
on the southwest to Pennsylvania and New Jersey on the north
(pi. 1). Together with the Glaciated Appalachian region to the
north, it makes up the area involved in the compression and uplift
of the earth's crust that formed the Appalachian Mountains some
200 million years ago. The compressive forces that ended deposition
hi a sinking ocean basin, the Appalachian "geosyncline," and compressed the strata into great folds, came from the southeast. The
effect of these forces in mashing up the preexisting rocks, indurating
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them, and forcing the minerals in them to recrystallize into types
more stable under the increased pressure is most marked in the
eastern part of the region. The Piedmont represents a large body of
rocks which, since their metamorphosis under pressure, have been
extensively weathered and eroded to form an undulating low plateau
that stands only a little above the Coastal Plain. The Blue Ridge
is of similar makeup but stands higher, in part because it has been
uplifted along faults, in part because some of its rocks are more
resistant to erosion than those of the Piedmont, and in part because
it is farther from the sea the base level of erosion than the
Piedmont.
West of the Blue Ridge is the Valley and Ridge province. It
represents strata of limestone and dolomite (magnesian limestone),
sandstone, and shale that were arched into folds and faulted but
were little metamorphosed because the pressure was not as great as
it was farther east. After the folds were formed, the strata were
eroded by streams which in part are controlled by the northeast
strike of the folds and in part ignore the structure and cross the
folds. Differential erosion along the tilted beds has left the more
resistant ones standing as ridges and has carved valleys in the weaker
ones and backfilled them with alluvium. Curiously enough, many of
the present ridges represent not upfolds (anticlines) but downfolds
(synclines). The reason is that, when the rocks were arched, cracks
tended to develop along the crests of the folds where the rocks were
stretched. In the synclines, the rocks were compressed rather than
stretched. Thus the cracked rocks of the anticlines proved to be more
susceptible to weathering and erosion and now form valleys, whereas
the compressed rocks of the synclines now stand up as ridges.
West of the Valley and Ridge province, and standing above that
province somewhat as the Blue Ridge does on the east, is the elevated
east edge of the Appalachian Plateaus province. The exposed rocks
are largely sandstone and shale of late Paleozoic age, generally
younger than the strata of the Valley and Ridge province. They
include some carbonate rocks, however.
The region receives generous precipitation, especially the Blue
Ridge part because of the "orographic" effect of the Ridge in forcing
air to rise in order to cross over. The precipitation exceeds 75 inches
a year in the Great Smokies at the south end of the Ridge and is 50
to 75 inches in the adjacent parts of the Piedmont and Valley and
Ridge provinces. It tends to decrease northward with distance from
the Gulf of Mexico but is above 40 inches nearly everywhere in the
Blue Ridge and Piedmont. The northern part of the Valley and
Ridge province drops into the range of 30 to 40 inches because of its
relatively low elevation and of the "rain shadow" effect of the Blue
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Ridge on the east and the elevated east edge of the Appalachian
Plateaus on the west.
Runoff is correspondingly generous. The region is heavily vegetated, but the water requirement for evapotranspiration, as approximated by the "precipitation retained" (pi. 3), is less than 30 inches
in most of it and is less than 16 inches in the highest parts. The
runoff exceeds 40 inches in the highest part of the Great Smokies
and is at least 15 inches in nearly all the rest of the region. The
low flow of streams is fairly well sustained because the precipitation
is rather evenly distributed throughout the year and is seldom locked
up in the form of snow for very long, and because a large amount of
ground-water storage is provided by cavernous limestone and dolomite and porous sandstone in the Valley and Ridge province and the
thick mantle of weathered rock in the Piedmont. For example, the
62-square-mile drainage basin of Rock Creek, in Washington, D.C.,
and adjacent Montgomery County, Md., in 1933-49 received an
average of about 43.5 inches of precipitation each year and yielded
an average of 12.6 inches of runoff. Analysis of the streamflow
hydrograph for the 17-year period shows that the ground-water
component of the streamflow averaged 8.5 inches, almost exactly
two-thirds of the total (Dingman and others, 1954, p. 38-39). The
average monthly percentage of ground water was lowest, 46 percent,
in August, a month of high evapotranspiration demand, but averaged 61 percent or higher in all the other 11 months of the year.
In both total amount and percentage of total runoff, this is an impressive showing for ground water in an area where the aquifers are
only moderately productive so far as individual well yields are
concerned.
As to ground water, the region is one of either small to moderate
or erratic productivity. The weathered and fractured "crystalline"
rocks of the Piedmont are one of the Nation's most reliable aquifers
for the small yields needed for domestic supplies and are tapped by
hundreds of thousands of rural and suburban wells, most of ,which
are less than 150 feet deep. Larger yields are not common, although
yields of 50 to 100 gpm and, in a few places, several hundred gallons
per minute have been obtained. The rocks are of great variety
mineralogically but are rather similar hydrologically, being prevailingly dense and carrying water only in fractures and weathered
zones. Of all the rock types, the foliated ones known as "gneiss"
and "schist" are probably the best producers. Wells in all the crystalline rocks generally obtain the bulk of their water at the base of
the weathered mantle and in the fractured rock immediately below.
The weathered mantle in undissected upland areas probably averages
between 50 and 100 feet in thickness. Sizable fractures in the underlying rock generally extend no more than a few tens of feet deeper,
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gradually becoming fewer and smaller with depth. Occasionally, a
well drilled to a considerably greater depth for an unusually courageous or curious property owner will penetrate a good fracture
at a .depth of 500 to 1,000 feet, but the chances that it will do so
are not good.
Ground-water geologists in the Southeastern States, especially M.
J. Mundorff, S. M. Herrick, and H. E. LeGrand, of the U.S. Geological Survey, and their colleagues in the North and South Carolina
and Georgia cooperating agencies, have shown that topography,
among other criteria including rock type, is an important guide to
the productivity of wells in the crystalline rocks in the Piedmont.
(See, for example, LeGrand and Mundorff, 1952, p. 14-19; LeGrand,
1949.) The wells of highest average yield are in valleys and those
of lowest yield on the hilltops. This is because the valleys tend to
mark zones where the rock is relatively intensely fractured and,
hence, a good water bearer. The hills tend to stand up against erosion
because they have fewer fractures. Also, the ground water naturally
tends to flow away from the hills and toward the valleys, so that
the yield of wells in valleys is not only larger but better sustained.
These criteria apply chiefly to relatively undisturbed upland areas.
Deep valleys cut in recent geologic time by streams that have stripped
away both the weathered mantle and much of the most abundantly
fractured rock below are not favorable sites for wells. A good example is the young gorge of the Potomac Kiver above Washington,
D.C., where the rock beneath the valley floor is relatively fresh and
unfractured. Furthermore, the gorge drains the permeable part of
the rock and mantle as exposed in the adjacent bluffs, so that many
homeowners at the top of the bluffs have had trouble in obtaining
good wells.
The Piedmont contains scattered northeastward-trending belts of
rocks that are somewhat different from the prevailing types. These
are sandstone and shale of Triassic age which occupy downfaulted
basins and generally form lowlands. In places the belts are tens
of miles wide. They extend up into the Glaciated Appalachian region,
where among other areas they underlie the broad Connecticut Valley.
These sedimentary rocks are intruded by or interbedded with tabular
bodies of igneous rock most of which is of the type known scientifically as diabase and popularly as "trap rock."
The tabular bodies represent three types of emplacement, 2 "intrusive" and 1 "extrusive." The intrusive bodies are "sills," injected
between beds of sandstone and shale; and "dikes," injected into
fissures crossing the sedimentary beds. The extrusive bodies represent lava flows which reached the land surface but were later covered
by sediments, so that they now resemble sills. The sills and some
of the dikes represent intrusive rock that never reached the land
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surface; others of the dikes, however, represent the solidified contents of the fissures from which the lava flows emerged.
The sandstone and shale are aquifers and are about as productive
as the other rocks of the Piedmont perhaps a little better on the
average. The sandstone contains pores that do not close with depth,
in addition to fractures that do; hence, the water-bearing zone extends deeper than it does in the crystalline rocks. Some wells as deep
as 800 or 1,000 feet have shown a continuous increase in yield as
they were deepened, proving that the sandstone is permeable to
considerable depth. Yields of several hundred gallons per minute
have been obtained.
The trap rock is an extremely poor aquifer. It is not highly
fractured, and being resistant to erosion it commonly forms ridges
from which water drains off. It is similar rocks that form the
famous Palisades along the Hudson River in the Glaciated Appalachian region.
The Blue Ridge is not a productive ground-water area, for much
the same reasons as the ridges of trap rock. The rocks of the Blue
Ridge are hard and dense, and, standing high as they do, they tend
to be stripped of surficial weathered and fractured rock and to be
drained of ground water. Drilled wells commonly yield little water.
Large-diameter dug wells in valleys generally are better, though not
as easy to protect against pollution. There are many small springs,
and some of these have been developed for domestic use. Of course,
the population of the Blue Ridge is not large, and the total water
demand is not great.
The Valley and Ridge province is somewhat erratic as a groundwater producer. The limestone rocks in and near the valleys are
cavernous and are the source of many large springs. Wells that
enter water-filled caverns yield copiously, but nearby wells may
penetrate only dense rock and yield little or no water. Many of
the cavities in the limestone are filled with the dense residual clay
common in limestone terranes and may yield little water, or water
that refuses to clear up on pumping. Nevertheless, the limestone
and sandstone strata yield moderate supplies consistently enough to
warrant showing most of the province as patterned in plate 1, and
they yield large supplies locally.
Much of the drainage is underground, as it is in the Pennyroyal
country of Kentucky and Tennessee in the Unglaciated Central region, but as in that area this fact does not necessarily mean that
wells are easy to get. There are a number of productive areas, of
which the Waynesboro area of Virginia is an example (Thomas,
1952a, p. 62). Some areas in northeastern Alabama, Tennessee, and
Kentucky also are productive. Even in these areas, drilling may be
a hit-or-miss proposition. Detailed ground-water studies would
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help both in pinpointing additional good areas and in reducing the
changes of failure in drilling within areas known to be generally favorable.
Alluvium floors most of the valleys in the Valley and Ridge province but is generally disappointing as a large-scale water producer.
It contains a high proportion of clay and not much clean sand and
gravel. In and near the foothills on both sides of the Blue Ridge
are watercourses in which the alluvium, derived from the crystalline
rocks of the Ridge, is coarse and permeable, though thin. Some of
these watercourses are promising as sources of naturally filtered
river water and as media for extending dry-season supplies within
limits by pumping from ground-water storage (Mundorff, 1950).
The rocks of the part of the Appalachian Plateaus province included within the region are generally of low to moderate productivity, similar to that of their westward extensions in the Unglaciated
Central region. If anything they are less productive than those in
the Unglaciated Central region because they are more elevated and
dissected and, hence, tend both to shed precipitation rapidly and to
be drained of ground water.
The region as a whole is one of ample water resources, but, like
the eastern part of the Unglaciated Central region, it is extensively
industrialized and fanned and has a large and growing population.
It will not run out of water in the foreseeable future, but to develop
supplies when and where needed will involve very substantial expenditures. Control of erosion, floods, and pollution also will involve
considerable effort and expense.
The region occupies parts of the Southeast, Chesapeake Bay, and
Tennessee and Ohio River water-resource regions of the U.S. Senate
Select Committee on National Water Resources. The Committee's
report (1961a, table 5, p. 30) shows these regions as having potential
water requirements which even as of the year 2000 will be well
within the limit of historical streamflow. Substantial additional
storage will have to be provided, however, especially in the Southeast
region, to meet anticipated requirements for water supply, waste
dilution, and flood control.
Ground water will continue its role of the past in meeting domestic
and small to moderate municipal and industrial needs. Supplemental
irrigation is increasing here as elsewhere in the East, and problems
of competition for available surface- and ground-water supplies
likewise will increase. Opportunities for large-scale development of
ground water will not be numerous, but the limestone of the Valley
and Ridge province is a promising source if reliable criteria can be
developed for location of successful wells. Limestone hydrology is
a large and complex subject about which much remains to be learned,
and this is one of the areas in the United States where knowledge of

GROUND WATER

61

the fundamentals would pay off the most. Alluvium along watercourses also is a potential source of large supplies in some areas.
Additional knowledge of the fundamentals of ground-water occurrence and movement in crystalline rocks also would be valuable in
improving the chances for obtaining successful wells in difficult areas,
such as the Blue Eidge and parts of the Piedmont in this region
and other difficult areas throughout the country. The studies of
topographic and other criteria described previously are an important start in this direction, but there still is no way of guaranteeing
that a well drilled at a given spot will be successful only that it
has a better chance than at others. The owner of a newly drilled
dry hole gets very little satisfaction from being told that his is one
of the very few wells perhaps, say, 5 in every 100 that are unsuccessful in his particular area. He would prefer it to be one of the
95 that are successful.
9. GLACIATED APPALACHIAN REGION

The Glaciated Appalachian region, the smallest of the 10 groundwater regions in the conterminous States, bears a relation to the
Unglaciated Appalachian region similar to that of the Glaciated to
the Unglaciated Central region. Physiographically the region is
nearly coincident with the New England and Adirondack provinces
and the extension of the Valley and Ridge province that lies between
them the Hudson section of the Valley and Ridge province and
the Champlain section of the St. Lawrence Valley province. The
Seaboard Lowland section of the New England province is similar
to the Piedmont, and the New England Upland, White Mountain,
Green Mountain, and Taconic sections are analogous to the Blue
Ridge. The Adirondack province has no exact counterpart in the
Unglaciated Appalachian region. It is a little like the east edge
of the Appalachian Plateaus, which forms the western part of the
Unglaciated Appalachian region, in that early Paleozoic rocks are
bowed upward to form subdued mountains. It is different in that
ancient crystalline rocks crop out from beneath the flanking sedimentary strata in the middle of the mountains, whereas such rocks
are not exposed in the Appalachian Plateaus.
The region of course was glaciated, as indicated by its name.
As it is considerably more rugged, on the average, than the Glaciated
Central region to the west, there is a great local variation in the
thickness of the glacial drift. Typically the hilltops are covered by
a thin mantle of till, and the slopes by an even thinner mantle
through which bedrock crops out in many places. The valleys are
underlain by thicker drift, commonly till below and stratified drift
above. Near the sea the glacial deposits are mantled by or interbedded with marine clay and silt (Upson and Spencer, 1961.)
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The average annual precipitation is 40 to 50 inches in the highest
mountains of Maine and in a belt that takes in the Seaboard Lowland
and swings around to the west across northern New Jersey and back
up to the Adirondacks, where it is more than 50 inches in the highest
part. In the lower lying areas in the central part of the region, the
precipitation is 30 to 40 inches. The runoff from the highest areas
generally exceeds 30 inches and is more than 40 inches in the highest
parts of the White Mountains of New Hampshire and the Adirondacks of New York. It exceeds 20 inches in nearly all the region.
Reflecting both the cool climate and the ruggedness of the terrain,
the "precipitation retained" (pi. 3) is lower than it is in the unglaciated region to the south no more than 22 to 23 inches anywhere and
less than 8 inches in the highest parts of the Adirondacks and White
Mountains. The region is thus extremely productive of water.
The greatest part of the region is shown as blank in plate 1; that
is, the aquifers are not highly productive. In the blank areas
weathered and creviced bedrock and the glacial mantle above yield
small supplies of water to drilled and dug wells. In recent decades
the old dug well tapping water in drift has been passing out of the
picture and is being replaced by the more sanitary, more reliable
drilled well. The criteria for locating wells tapping the bedrock
are much the same as in the unglaciated region to the south (Gushman and others, 1953, p. 83-95). The glacial drift in most of the
upland area is not thick enough to disguise the shape of the bedrock
surface; so even the topographic criteria can be used. In addition to
topography, the rock type and structure, type of overburden (sandy
or clayey), and well depth are important factors. In the valleys the
glacial drift is thicker and is commonly able to yield water to either
dug or drilled wells, but some wells are drilled through it into the
bedrock. Valleys contain enough drift that small irregularities in
the bedrock are hidden, so that the topographic criteria cannot
be applied in the same way as they can in the uplands, but of course
the very fact that they are valleys makes them generally more
favorable than hilltops for bedrock water supply.
In a few areas in the region the bedrock is a better producer than
it is on the average and can be shown patterned in plate 1. These
include the Connecticut Valley in Connecticut and Massachusetts and
an area in northern New Jersey and adjacent New York, underlain
by Triassic sandstone and shale; scattered areas along the Hudson
section of the Valley and Ridge province and at the south edge of
the Adirondacks, underlain by limestone or sandstone of early Paleozoic age; and a strip in central New York State, underlain by limestone of early Paleozoic age. Yields of as much as several hundred
gallons per minute have been obtained from some wells in these
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rocks, but the average yield probably would not be much above the
50 gpm that justifies showing the areas as patterned on the map.
Except for these areas of relatively productive bedrock, which
together add up to less than a tenth of the total area of the region,
the principal ground-water sources are areas of unconsolidated
deposits specifically, sand and gravel forming a part of the "stratified drift." These take two principal forms outwash plains and
channel fillings. A third, minor type is "ice-contact" deposits, irregular mounds of sand and gravel formed immediately at the edge of
melting ice. The outwash plains are the irregular dotted areas in
plate 1, the principal ones being in the general vicinity of Schenectady and Albany in New York, along the Connecticut Valley,
and in eastern Massachusetts and southern Maine. The outwash
sand and gravel deposits beneath these plains absorb water freely
from precipitation and will yield it freely to wells. The only qualification is that the deposits in some places are only a few tens of
feet thick, or even thinner, and so have small storage capacity and
for large supplies must be tapped by closely spaced wells to take full
advantage of available drawdown. Additional exploration of these
deposits would show where they are thickest and most productive
and thus could lead the way to developments many times larger than
the present ones.
The channel-filling deposits represent the courses of the same
streams of glacial melt water that formed the outwash plains where
the topography was such as to allow the water to spread out. They
can be divided, for our purpose, into three types outwash deposits
in valleys that are still occupied by streams (watercourses); deposits
in valleys formed by glacial streams that were diverted elsewhere
after the deposits were laid down, so that the valleys now contain
no sizable streams (abandoned watercourses); and buried-valley
deposits. The latter are like the deposits of the abandoned watercourses except that, after they were laid down, they were covered
over by the drift of a later glacial epoch, so that they are no longer
exposed at the land surface and must be located by test drilling or
geophysical surveys.
The watercourses are excellent present or potential sources of
ground water because when heavily pumped the deposits will be
replenished from streamflow. Thus the maximum sustained yield of
the deposits along a watercourse is at a rate equivalent to the low
flow of the stream, all of which is diverted to wells, plus an additional amount obtained by pumping from storage after the stream
is dried up. This latter amount must be determined by careful study,
in order that the depletion of storage will not be in excess of the
ability of the stream to replenish the water during times of higher
flow. Actually, of course, few watercourses will be developed to this
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extreme degree, because of other demands on streamflow that must
be met. Nevertheless, where adequate plans are made, a great deal
of use can be made of watercourses as media for both storage and
natural filtration of surface water.
The abandoned watercourses will yield just as much water
initially as will the active ones, but as they are recharged principally
by precipitation their perennial yield will be smaller. The same is true
of the buried-valley deposits. In both cases, detailed hydrologic
study will show the extent, if any, to which the deposits may receive
water from other buried channel deposits that may, some distance
away, crop out in streams or swamps that is, the extent to which
some replenishment from surface sources will occur. Even under the
best conditions, however, such replenishment can never be as direct
and copious as that received from a stream running right down the
middle of the deposits as in an active watercourse.
Thomas (1952a, p. 64) cites examples of localities where cities or
industries take substantial amounts of water from glacial outwash
deposits of both principal types, including Albany, N.Y.; Naugatuck,
Conn.; Framingham arid Lowell, Mass., and several of the cities near
Boston; and Portsmouth, Dover, Concord, and Nashua, N.H. So
far as the region as a whole is concerned the ground-water resources
have barely been touched, however. Thomas mentions watercourses
in the drainage areas of the St. John, Penobscot, Kennebec, Androscoggin, Connecticut, and Housatonic Rivers as potentially productive sources that have hardly been touched, or even explored. In view
of the widespread occurrence of permeable glacial outwash deposits
and of the abundant precipitation and runoff and the generous
ground-water replenishment these imply, it is apparent that the
region has a very bright ground-water future. Large developments
will have to be located on the basis of adequate knowledge of local
geology and hydrology, and operated in the light of competing uses
for water. Here, as elsewhere, there are situations where the total
demand of water users who are geographically close together has
exceeded or will exceed the capabilities of local supplies, and where
water economies or other adjustments will be necessary. This is especially true because the region is small and the population is largely
concentrated in a small part of it the valleys. Nevertheless, with the
use of forethought including greatly increased exploration for likely
ground-water sources the potential water problems of the region
to the year 2000 and beyond should be much less difficult to handle
than those of less well watered regions.
10. ATLANTIC AND GULF COASTAL PLAIN

The last of the ground-water regions in the conterminous States
to be described is the Atlantic and Gulf Coastal Plain last in position but among the largest in size and foremost in promise. It is
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discussed a little more lengthily than the other regions, not because
it has a lot of water left to develop, though it certainly does, and
not because some of the other regions are not promising, for some
of them certainly are, but because it epitomizes what is both good
and bad about ground-water prospects in the country as a whole.
A good general description is presented by LeGrand (1962a) in a
report designed as background for consideration of problems of
disposal of radioactive wastes.
The region coincides approximately, but not exactly, with the
Coastal Plain physiographic province of Fenneman and others
(1946). It begins in a modest and attenuated way on the northeast in
the form of Cape Cod and nearby Marthas Vineyard and Nantucket
Island; skips to Long Island; and then broadens out to include the
southern three-fifths of New Jersey, nearly all of Delaware, eastern
Maryland and Virginia, and southeastern North and South Carolina
and Georgia. It includes all of Florida and the southwestern threefifths of Alabama, and then expands northward in its Mississippi
Embayment portion to take in nearly all of Mississippi and reach
all the way to southernmost Illinois. The boundary then swings
southwestward again so as to include within the Coastal Plain the
southeasternmost part of Missouri, the southeastern half of Arkansas
and all of Louisiana to the south, an east-west belt in southeastern
Oklahoma, and the southeastern two-fifths of Texas.
Nearly everywhere along its course, the landward edge of the
Coastal Plain forms a boundary between relatively elevated and
dissected uplands and relatively low and undissected seaward-sloping
plains. In places the Coastal Plain is rather well dissected and of
considerable relief at its landward edge, but even so it is generally
lower than the adjacent inland areas. Along the East Coast the
boundary is marked by a relatively abrupt steepening of stream
gradients and is known as the Fall Line, or Fall Zone. Here, at the
head of navigation on the principal streams, some of the principal
cities of the East Coast had their beginning Philadelphia and
Wilmington, Baltimore, Washington, and Richmond. Farther south
the Coastal Plain is less dissected by estuaries and the Fall Line
passes inland of the navigable stretches'of* streams, but it is still an
important physiographic boundary.
Described three-dimensionally, the Coastal Plain is a huge seawardthickening wedge of generally unconsolidated but locally -consolidated sedimentary rocks lying on Precambrian, Paleozoic, and
'Mesozoic bedrocks of the same types as are exposed in the Piedmont
and the Unglaciated Central region. The Coastal Plain sediments
are mainly clay, silt, sand, gravel, marl, and limestone in alternating
and intertonguing strata. They represent the rock waste of almost
the eastern two-thirds of the country washed into the sea and dis-

66

ROLE OF GROUND WATER IN NATIONAL WATER SITUATION

tributed along the shore by streams and currents from Cape Cod to
the Rio Grande, beginning at a time early in the Cretaceous Period
when the shoreline was at or a little inland of the Plain's present
boundary. As the sediments accumulated and the relative level of
the ocean declined, the shoreline moved seaward to its present position. Thus, in general, the Coastal Plain sediments exposed at the
Fall Line are the oldest ones that were deposited of Cretaceous
age. In most places, however, rocks of Tertiary age reach almost
as far inland as the Cretaceous, and in a few places they even overlap
the Cretaceous rocks, showing that sea level has fluctuated widely
instead of declining persistently.
As the sediments accumulated offshore the sea bottom gradually
sank under their weight, but the water remained shallow. (See Noble,
1961, p. 290, for a discussion of the possible mechanism.) Because
of this subsidence the strata generally thicken seaward, and the dip
of the bedrock surface and of the older Coastal Plain strata is
steeper than that of the younger strata. The youngest Tertiary
strata and the Quaternary deposits dip only very gently seaward.
The maximum thickness of the deposits where they pass beneath
the present coastline is as little as a few hundred feet at places in
the northeasternmost part of the region where the Coastal Plain is
only a few miles wide. It is tens of thousands of feet where the
deposits are thickest, in the general vicinity of the mouth of the
Mississippi, where the distance from the Gulf to the north end of the
Mississippi Embayment is nearly 600 miles (pi. 1). The Gulf Coast
area has received so much sediment from the Mississippi, and
smaller amounts from other Gulf Coast streams, that the earth's
crust is sinking rapidly under the weight; this is an active geosyncline like the ones in which were deposited the rocks that were later
uplifted to form the Appalachian and Rocky Mountains. The axis
of the geosyncline where the deposits are thickest is offshore in
the Gulf, but even within the present continental borders the thickness is enormous. The deepest well drilled up to the end of 1960 along
the Gulf Coast, a well drilled in 1956 in Louisiana, was 22,570 feet
deep but penetrated only a part of the total thickness of Coastal
Plain sediments. It ended in sediments of Miocene age (Oil and Gas
Journal, 1961, p. 114), so that sediments of more than four-fifths of
the 130-odd million years since the beginning of the Cretaceous still
lie beneath its bottom. The sediments representing the earlier 100 +
million years of this interval may be no thicker than those of the
later 25- million years, however, for seismic studies suggest a total
thickness of about 40,000 feet in southern Louisiana (LaMoreaux,
1960, p. 4).
The region is subhumid to humid; none of it is semiarid or arid.
In its westernmost part the precipitation is in the subhumid range
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20 to 30 inches. East of the longitude of its southernmost tip, at
the mouth of the Rio Grande, the precipitation is everywhere in the
humid range above 30 inches. At the east edge of Texas the precipitation is above 50 inches, and it is 50 to as much as 65 inches along
the Gulf Coast except in southernmost Florida, where it decreases
to about 40 inches in the Keys. At the head of the Mississippi Embay ment it is about 45 inches. Along the Atlantic Coast it decreases
gradually northward to about 40 inches.
Along with the generous precipitation and the warm to temperate
climate goes lush vegetation which has a high water demand; the
"precipitation retained" (pi. 3) is nearly as great as the total
precipitation in the westernmost part of the region, and runoff is
between half an inch and an inch southwest of a line running northwestward from Corpus Christ!, Tex. "Precipitation retained" rises
eastward to 42 inches in southeastern Louisiana and 46 inches at
the east end of the Florida Panhandle and in the central highlands
of the Florida Peninsula. It decreases northward to about 20 inches
at the north end of the region.
The runoff approximately the excess of total precipitation over
"precipitation retained" rises with the precipitation. It increases
northeastward from \ inch at Corpus Christi to about 15 inches at
the Texas-Louisiana line. It is 15 to 20 inches in most of the Mississippi Embayment but rises above 30 inches in a coastal strip extending from Biloxi, Miss., on the west nearly to the Alabama-Georgia
line on the east. It is mostly 10 to 15 inches in Florida and northeastward to Maryland and Delaware, then rises to 20 inches in the
northeasternmost part of the region. Because of the region's great
size and because it can count not only on its own runoff but on the
flow of the large rivers that enter it from the north and west, it has
an exceedingly great water potential.
As sources of water supply, the region and especially the southern part of it (LaMoreaux, 1960, p. 4 8) can look to some of the
country's most extensive and productive aquifers as well as to its
streams. Nearly the entire region is patterned in plate 1, meaning
that everywhere in the patterned area there are one or more aquifers
capable of yielding at least 50 gpm of fi^sh water to individual
wells. The only blank areas are a broad strip running northeastward
through Texas into Louisiana that is underlain by tight rocks of
early Tertiary age, a similar but much smaller crescent-shaped strip
in Mississippi and Alabama, and sizable coastal patches in Texas,
Louisiana, and southern and southwestern Florida where all the
ground water is saline; in these coastal areas there are good aquifers
that would serve for uses in which saline water was acceptable. Along
the entire coast the shallowest ground water in the beach deposits
at the edge of the sea is salty, but in much of this stretch a little
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fresh water can be skimmed from above salt water at places more
than a few rods from the sea. In suprisingly large parts of the
coastal area, fresh artesian water is available at depths ranging from
a few tens to many hundreds of feet, even from wells drilled offshore.
The principal aquifers of the region are beds of sand, or sand and
gravel. They include glacial outwash on Cape Cod, Marthas Vineyard, Nantucket Island, and Long Island; in central New Jersey;
and along the Ohio and Mississippi Kivers. In areas scattered
throughout the Coastal Plain, they include broad sheets of marine
sand and less extensive sand bodies deposited in deltas and estuaries.
They include watercourses alluvium along present-day streams at
intervals in the area between Texas and the Alabama-Georgia line.
And, they include some very large abandoned watercourses in the
broad valley of the Mississippi (pi. 1).
One or more productive limestone aquifers are found in large areas
in the southeastern part of the region, beginning in the southern
half of the South Carolina Coastal Plain and extending across all
but the landward strip of the Georgia Coastal Plain, throughout
nearly all of Florida, and into south-central Alabama. In parts of
the South Carolina and Georgia Coastal Plain and in nearly all of
peninsular Florida and part of the Panhandle, both sand and limestone aquifers are found.
The Coastal Plain sediments were deposited largely in the sea
or in brackish estuaries. Most of the deposits, even those laid down
in fresh or brackish water, have been filled with salt water at some
time in their history. The edge of the sea did not simply begin at
the original landward limit of the Coastal Plain and then retreat
continuously seaward; it moved alternately back and forth as sea
level rose and fell innumerable times during the history of the
Coastal Plain. Although the net result of the fluctuations was seaward retreat of the shoreline, long after the Coastal Plain started to
form the sea rose numerous times about as high as it did initially.
This fact is made clear by the overlapping of Cretaceous by
Tertiary strata mentioned earlier. That the process has continued
to the present is shown by the presence of late Tertiary and
Quaternary terrace deposits which were laid down near the edge of
the sea and which mantle the older Coastal Plain sediments at elevations as high as several hundred feet above present sea level, and
even extend landward beyond the eroded edge of the older sediments.
Thus it is likely that all or nearly all the permeable sediments
of the Coastal Plain were filled with salt water at some time in their
history, and those lying below an elevation of a few hundred feet
above present sea level have ben filled with salt water within comparatively recent geologic time within the last few million years
and, at the lower elevations, within the last several thousand.
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The salt water has ben flushed out of the various aquifers at a
rate depending on the abundance of recharge in their upgradient
portions and the opportunity for escape of the water downgradient.
Sediments that are exposed at the land surface and that are
permeable nearly throughout have been flushed quickly. These
include the surficial permeable deposits throughout the region except
those in some low, marshy tracts to which salt water has such ready
access that it easily overcomes the diluting effect of precipitation.
Aquifers having exceptionally good opportunities for circulation of
fresh water have been flushed to great depths depths known to be
as great as 5,900 feet at an irrigation well in Karnes County, Tex.,
and, from electric-log data, 5,000 feet in McMullen County and
perhaps more than 6,000 feet in Live Oak County, Tex. (E. W.
Sundstrom, U.S. Greol. Survey, written communication, 1960) ; 3,550
feet (3,495 feet below sea level) in eastern St. Tammany Parish, La.
(Eollo, 1960, p. 49); and 3,000 feet in Harris County, Tex. (Sundstrom, 1957, p. 4). Although these are decidedly phenomenal depths,
fresh water is found at depths nearly as great in the areas surrounding the above-named localities and at depths of 1,000 feet or more
in large areas of the Coastal Plain.
Owing to the repeated advance and retreat of the sea and to
the fluctuations in type and coarseness of sediment furnished by the
land, there are rapid variations from place to place, and from one
depth to another at the same place, in the permeability of the strata.
Thus at a given place a deep well may pass in rapid succession
through dozens or even hundreds of thin and thick beds of clay, silt,
sand, gravel, and perhaps marl and limestone. Some of the beds are
thick and extend over hundreds or thousands of square miles; others
are thin and small in areal extent and intertongue complexly with
other beds of different kinds. Obviously, then, there is a very wide
range in the number and depth of permeable water-bearing beds
and in their opportunities for recharge from the land surface or
other permeable beds and for discharge downgradient. According to
the elevation of recharge and discharge areas and the relation to
other beds, a given bed may receive water in its outcrop area,
transmit it downdip, and then discharge it by upward seepage across
confining beds into shallower aquifers that can discharge more freely
than can the deeper bed. On the other hand, if a still deeper bed
has a better opportunity for discharge, the water may move downward rather than upward. In a very general way, water moves
downward in the inland and higher areas and upward in the
downdip areas, into younger beds and finally into streams or into the
sea.
There is, then, a wide variation in the extent to which different beds
have been flushed of salty water, and there is every conceivable combi671316) O 63
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nation of alternating fresh and salty strata. In general, of course, the
chances are greater for encountering salt water the deeper and the
farther downdip a well is drilled, but only detailed knowledge of
regional, areal, and local geohydrology can take the risk out of
drilling and enable safe withdrawal of fresh water where saline
water occupies or has access to the aquifers not far away.
A few examples will illustrate the productiveness of some of the
aquifers, the use of ground water that is made, and the problems
that may exist.
Long Island represents a segment of the Coastal Plain underlain
by southeastward-dipping strata of Cretaceous age, which were
eroded to not far above sea level in pre-Pleistocene time. On this
plain was piled a huge mass of glacial sand and gravel as much as
several hundred feet thick. Advancing southward across outwash
plains of previous glacial stages on the mainland, the ice of the last
two advances picked up or pushed along huge quantities of sand
and gravel and laid it down where the forward advance of the ice
ceased. The sandy ridges pushed up by the ice are now known as the
Harbor Hill (northern) and Ronkonkoma (southern) moraines. They
join in the western part of the island and separate to the east, the
Harbor Hill moraine running along the north edge of the island
and the Ronkonkoma along the middle. Between the ridges and
south of the southern one are glacial outwash plains.
Nearly the whole mass of the glacial debris is sandy, and it absorbs
precipitation at a rate that produces a high rate of ground-water
recharge. Runoff from the island is about 20 inches per year (pi. 1),
and virtually all of it represents ground-water runoff. Therefore the
average ground-water recharge also is about 20 inches per year, or
roughly a million gallons per day per square mile, or something
more than a billion gallons per day in the whole island.
The Cretaceous strata also include good aquifers; there are sands
in the formation tentatively identified as an extension of the Magothy
Formation of nearby New Jersey, and the lower part, or Lloyd Sand
Member, of the Raritan Formation just above the crystalline
bedrock.
The glacial deposits yield a little more than half the ground water
pumped on Long Island, the Magothy (?) Formation about a third,
and the Lloyd Sand Member about a tenth. The gross pumpage in
1953 was about 260 mgd (Upson, 1955, p. 341), and in 1960 it was
about 310 mgd. All the water comes from precipitation on Long
Island, and the distribution of pumping reflects the local presence,
productivity, and water quality of the different aquifers. The glacial
deposits are present everywhere, but near the shore and in some
low-lying tracts they contain saline water. Also, in Brooklyn they
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were pumped so heavily that their local capacity to yield water
safely was exceeded and salt water began to move in. As a result,
a State law was passed in 1933 under which it is required that water
from new air-conditioning and industrial-cooling wells on Long
Island that are pumped at more than 100,000 gpd each be returned to
the same aquifer through other wells or recharge basins. As of 1944,
the rate of return in the summer months was 60 mgd (Brashears,
1946, p. 503-504). Keduction of net withdrawal as a result of
artificial recharge and of the gradual shutting down of well fields
formerly used for public water supply has brought pumping and
recharge into balance and has virtually stopped the salt-water
encroachment in Brooklyn. Concern has now shifted to parts of
Queens and Nassau, where similar problems are developing.
The Magothy (?) Formation does not underlie the whole island.
It is missing in the northwestern two-thirds of Kings County
(Brooklyn) and the northwestern third of Queens County. Where
it is present it generally yields fresh water, but its water is saline
in the southwestern part of the island, in the vicinity of Atlantic
Beach. The Lloyd Sand Member underlies all or nearly all the island.
Both it and the Magothy (?) yield fresh water in some places where
the glacial deposits will not, such as in some stretches of the "barrier
beach" that runs along the south side of the island, but the water in
both the Magothy (?) and the Lloyd apparently tends to become
saline toward the southeast.
Long Island, then, is a highly productive and heavily developed
ground-water area, in which pumping has been heavy in the western
part for decades and is increasing eastward as population and irrigation grow. Use of ground water is complicated by the presence all
around the island of salt water that has access to the aquifers, and
by the presence of saline water at depth or downdip in the Cretaceous
aquifers. Nevertheless, with proper development based on good
hydrologic knowledge, the island has a very considerable remaining
potential.
Washington, D.C., and vicinity is an example of a Coastal
Plain area of only moderate productivity and potential. Strata of
Cretaceous age underlie the District southeast of a line running
north-northeastward a little east of Rock Creek and thicken southeastward at about 125 feet per mile. They are largely clayey,
however; and where they are no more than a few hundred fet thick,
they contain only a few aquifers, which are not highly productive.
Even where they are thicker, the upper part remains unpromising
for large yields, and in some localities even domestic wells have to
be drilled 300 to 400 feet to obtain the few gallons per minute
needed. In areas southeast of the District of Columbia where the
Coastal Plain strata are more than 1,000 feet thick, the lower strata
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probably are more productive, but so far few wells have reached
them. The total pumpage of ground water as of 1960 in the District
and vicinity (the 436-square-mile area covered by the 1951 edition
of the U.S. Geol. Survey's 1:31,680 topographic map of Washington
and vicinity) was about 15 mgd, of which that within the District
was only about 2 mgd (Johnston, publication pending).
Contrasting conditions are found in the Baltimore area, Maryland.
The Coastal Plain sediments are similar in thickness and distribution to those in Washington and vicinity, but they are of higher
average permeability (Bennett and Meyer, 1952, p. 33-72). Pumpage
in the area in 1945 was 39 mgd, down 11 mgd from the wartime
peak of 50 mgd in 1942 (idem, p. 198). Locally the water has been
contaminated by salt-water encroachment from the Patapsco River
estuary and by industrial wastes (idem, p. 124-133).
Another area whose potential is modest, but for a different reason
than that at Washington, is southeastern Virginia. The aquifers
are fairly productive, but most of the water is slightly saline, though
still below the 2,000-ppm value for dissolved solids that marks the
upper limit for fresh water as shown in plate 1.
One of the most productive ground-water areas, in one of the
most productive States, is the Miami area in Florida. The principal
aquifer, known as the Biscayne aquifer, consists of cavernous limestone and sand. It is only about 100 feet thick, more or less, but it
is one of the most permeable and productive aquifers in the United
States. The average "coefficient of transmissibility," expressed by
the number of gallons of water that will flow in 1 day through a
mile width of the aquifer under a hydraulic gradient of 1 foot per
mile, is several million gallons per day and was 15 mgd at one well
that was tested (Warren, M.A., and Parker, G.G., in Parker and
others, 1955, p. 270). This is among the highest values known to the
Geological Survey. The only other aquifers of similarly high
productivity known to the writer are basalt in several localities
in the Snake River Plain in Idaho, where tests of five scattered
wells showed transmissibilities ranging from 4 to 15 mgd per foot
(Mundorff, 1960, p. 87); and glacial outwash in the Spokane ValleyRathdrum Prairie area of eastern Washington and northwestern
Idaho, where according to data presented by Piper and LaRocque
(1944) the transmissibility is similar in magnitude and may even
exceed 20 mgd per foot.
The yield of individual wells in such aquifers is governed by
limitations of hole size and pump capacity rather than aquifer
productivity. A well tapping an aquifer whose transmissibility is 5
mgd per foot will yield 5 mgd with a drawdown of 2 to 3 feet (Warren, M. A., and Parker, G. G., in Parker and others, 1955, p. 270).
An aquifer having a transmissibility of a few hundred thousand
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gallons per day per foot is generally considered very productive;
many whose transmissibility is no greater than 10,000 to 50,000
gpd per foot are important sources of large water supplies. In fact,
strata that would be considered tight confining beds in the Miami
area are useful aquifers in some areas because they are all that is
available. Sandstone beds of Jurassic age in the Grand Junction
area, Colorado, are examples of such aquifers. Tests of five flowing
wells penetrating the Entrada Sandstone showed an average transmissibility of only 140 or 150 gpd per foot. Two wells penetrating a
sandstone in the Morrison Formation in the same area showed an
average transmissibility of about 40 gpd per foot (Jacob and Lohman,
1952, p. 568). Yet, because these sandstones lie beneath hundreds of
feet of completely unproductive shale and are the shallowest available, they are so valuable as aquifers that men have found themselves going to court to determine who shall have the right to use
the water (Lohman, 1959).
Pumpage of ground water from the Biscayne aquifer in southeastern Florida, most of it in the Miami area, was about 120 mgd
in 1950 and increased to 270 mgd in 1960. Additional large supplies
are available if developed properly.
Salt-water encroachment is a threat to be watched constantly in
the Miami area, as elsewhere along the coast. The same high
permeability that makes the aquifer absorb water so freely from
precipitation and yield it so freely to wells makes the aquifer highly
susceptible to salt-water encroachment wherever the fresh-water
head in areas near bodies of salt water is lowered unduly. It was
the temporary contamination in 1939 of the Miami Springs-Hialeah
well field of the city of Miami by a "slug" of salt water that came
up the Miami Canal at a time of high tide and low canal flow that
triggered the detailed investigation reported by Parker and others
(1955). The investigation showed how salt water could be guarded
against by installing movable dams in the canals to hold salt water
out during dry periods and let fresh water out during wet periods.
Since the detailed investigation was made, control structures have
been installed in most canals, but some are too far upstream to be
fully effective. Also, the desire to provide access for pleasure boats
and to drain low areas and obtain fill for building up adjacent areas
leads to occasional proposals to dredge new canals, each of which
is a new arm of the sea affecting adjacent fresh water and must be
considered in that light (Kohout, 1961).
It is apparent, then, that the prospects for obtaining large new
supplies are best in areas remote from uncontrolled drainage canal«.
With suitable precautions against salt-water encroachment, new
supplies of many millions of gallons per day can be developed in
southeastern Florida.

74

ROLE OF GROUND WATER IN NATIONAL WATER SITUATION

The Biscayne aquifer's productivity exceeds that of any other
aquifer in Florida, but the rest of the State still has some exceptionally good ones. The most important one is the principal artesian
aquifer, known in Florida as the Floridan aquifer, which underlies
nearly all of Florida and part of the Georgia and South Carolina
Coastal Plain as well. It yields saline water in southern Florida, but
elsewhere it is an excellent aquifer. Hundreds of millions of gallons
of water is taken from it daily in the three States, and much more
is available in favorable areas. Like the Biscayne, the Floridan
aquifer is vulnerable to salt-water encroachment along the coast,
and the same care must be taken in pumping large quantities of
water from wells near the coast.
Two areas in Louisiana contain good examples of potentially
productive aquifers that are relatively safe from salt-water encroachment. One of these is the northern two-thirds of southeastern
Louisiana (Rollo, 1960, p. 50-51, pi. 4.) the area that includes St.
Tammany Parish, previously mentioned as having an exceedingly
great thickness of fresh-water-bearing sand and gravel. Lying
generally east of Baton Kouge and north of New Orleans, the area
includes some 4,000 square miles, has been developed on only a small
scale, and is capable of yielding hundreds of millions of gallons per
day more than is now being taken from pumped and flowing wells.
The water is soft.
The other area, covering all or parts of several parishes in northeastern Louisiana (Kollo, 1960, p. 52-53, pi. 4), has a much thinner
fresh-water aquifer. The sand and gravel deposits are very
permeable, however, and will yield large supplies of hard water to
wells 200 feet or less in depth. In the Tallulah area in Madison
County, wells would be capable of yielding as much as 7,000 gpm
each with moderate drawdowns (Turcan and Meyer, 1962). In
addition to recharge from precipitation, wells at the east edge of
the area could count on replenishment from the Mississippi Kiver
if there were enough of them and if they were pumped heavily
enough to need to induce infiltration from that source.
Texas, like Louisiana and the other Coastal Plain States, has both
good and poor aquifers. It and Louisiana share the dubious distinction of including the largest blank area in the Coastal Plain
part of plate 1. On the other hand, the Texas Coastal Plain has
some highly productive aquifers, some of which are heavily pumped
but others of which remain largely untouched. The Harris, Karnes,
McMullen, and Live Oak County areas of great fresh-water depth
have already been mentioned (p. 69). The Houston district in
Harris County is heavily pumped for municipal, industrial, and
irrigation supply (Wood, 1958a, p. 2-10; Winslow and Wood, 1959,
p. 1030). Until 1955, when Houston began using some surface water
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for public supply, it was the largest city in the United States depending entirely on ground water for public use. The Texas City area
in adjacent Galveston County is so heavily pumped that some
encroachment of salt water has occurred (Wood, 1958b, p. 16-22).
Large areas that are similarly productive but are not yet pumped
heavily remain to be exploited in the Texas Coastal Plain, however.
Mention of certain Coastal Plain States as having excellent aquifers is not intended to reflect on others. All the Coastal Plain States
have good aquifers that are capable of additional development; all
have poor aquifers too. All have existing or potential problems of
salt-water encroachment, and ground water in the coastal areas of
all must be developed with due regard to the presence of salt water.
The Coastal Plain is outstanding in another problem area too
that of land subsidence resulting from ground-water withdrawal.
The strata of the Coastal Plain are largely unconsolidated and
capable of being compacted. The prevailing structure of seawarddipping, alternating permeable and impermeable strata produces
widespread artesian conditions. And, when artesian water is withdrawn from a well, it comes not from the emptying of pore spaces
but from the compaction of the aquifers and, especially, the finegrained adjacent and included beds, as well as from slight expansion
of the water itself. Each stratum is supported to some extent by
upward-pressing artesian water; when the support is reduced by a
decline in artesian head as wells flow or are pumped, the beds slump
a little, and so does the land surface. The Coastal Plain is especially
vulnerable to the effects of such land subsidence, because only a
slight lowering of the land surface may cause enormously expensive
damage to harbor facilities, drainage structures, and the like. In
some areas, the monetary cost of repairing the effects of land subsidence may well prove to be higher than that related to securing
ample supplies of good-quality water.
The Coastal Plain is, of course, not the only area vulnerable to
subsidence. Any area where large quantities of fluids (including
gas and oil as well as water; see Gilluly and Grant, 1949, p. 501-527)
are withdrawn from thick sections of sedimentary rocks may subside. Land subsidence has been observed in a considerable number
of coastal and other areas where its deleterious effects have become
promptly apparent, but it certainly has occurred in many, many
others where it either has not been noticed or has had no serious
effects so far. Perhaps the most concentrated attack upon the problem launched to date is that underway in the San Joaquin Valley
of California, where subsidence results from two causes pumping of
artesian water, and application of irrigation water to highly porous
alluvial deposits of the "mudflow" type which have not been thoroughly wetted since they were first laid down and dried out thou-
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sands of years ago. The Inter-Agency Committee on Land Subsidence
in the San Joaquin Valley (1958) includes representatives of Federal
and State agencies and universities and is carrying on fundamental
research on the causes and cures of land subsidence that will be of
great value not only in the San Joaquin Valley but elsewhere (Poland
and Davis, 1956, p. 287, 294-295). The importance of the work in
the San Joaquin Valley becomes apparent when one contemplates
the effect of more than 20 feet of subsidence on water-supply and
drainage canals alone, to say nothing of roads, foundations, and
even wells themselves.
In all coastal areas, some ground water flows directly into the
sea instead of emerging into streams to become a part of the surface
runoff. The Atlantic and Gulf Coastal Plain exceeds the remaining
coastal area of the conterminous States by about 2 to 1 in length
and by a factor of perhaps several hundred times in direct groundwater discharge beneath the coast. Except where pumping from
wells has reversed the normal seaward gradient of the "piezometric
surfaces" of the artesian aquifers (the analog of the water table
of unconfined aquifers), all the water present in all the aquifers
at the coastline ultimately must discharge into the sea. We do not
have enough information on the number and transmissibility of the
aquifers and the hydraulic gradients all along the coast to enable
more than the roughest of guesses at the amount of water so discharged, but it is certainly at least several hundred million gallons
per day and perhaps a few billion. It is greatest in Florida because
of the length of coastline and the high average permeability and
rate of recharge of the aquifers. Whatever it is, it is the factor
by which the hydrologic equation of precipitation equals runoff plus
evapotranspiration fails to balance.
For the coastline as a whole, however, direct discharge of ground
water into the sea is equivalent to only a small fraction of 1 percent
of the surface runoff into the sea not enough to worry about when
it is considered that measuring total runoff with an accuracy of 1
percent would be a proud achievement and measuring evapotranspiration directly with an accuracy of 5 percent would be even more
remarkable. So far as we as water users are concerned, this underground loss of water from the continent is something to be maintained in adequate volume as a safeguard against salt-water encroachment, as well as salvaged in part for water supply.
The Coastal Plain shares with the Unglaciated Appalachian region
parts of the Southeast and Chesapeake water-resources regions as
designated by the U.S. Senate Select Committee on National Water
Resources (1961a, fig. 1; reproduced as pi. 4 in this report); it takes
in, also, parts of the Delaware and Hudson River region on the
north and the Lower Mississippi River and Western Gulf regions
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on the west. All these regions are among those in which anticipated
water-supply requirements as of 1980 and 2000 seem to be within
the water-resources potential of the regions. As might be expected,
however, the Western Gulf region is the one of those named in
which supply will be most strained by demand by the year 2000.
Additional storage required in that region will reach the estimated
feasible limit of 34 million acre-feet by 1980, and the increased water
requirements of 2000 will involve mainly increased reuse of water
rather than additional storage.
Ground water in the Coastal Plain is able to support, and will
be called on to meet, vastly increased demands in the future. To
some extent the increased draft will reduce the evapotranspirative
discharge of ground water and thus will salvage water that is not
now available. Also, carefully designed developments will be able
to salvage some of the water now passing out beneath the coast,
without seriously increasing the danger of salt-water encroachment.
The increased use of ground water, to the extent that it is consumptive, will be largely competitive with use of surface water, because
the pumping will result eventually in depletion of streamflow. Here,
however, as in many other parts of the country, the competition will
not be entirely destructive because not all the resulting depletion of
streamflow will occur in dry weather, and pumping of ground water
will create storage space in the recharge areas of the aquifers to be
refilled in wet weather with perhaps even some reduction in flood
peaks on streams. The large areal extent and great thickness of
aquifers will provide opportunities for integrated development of
ground- and surface-water resources of great potential importance
to the region and the Nation. To acquire the necessary detailed
knowledge of the characteristics of aquifers, their relation to streams,
and the response of both aquifers and streams to various patterns
of withdrawal will require a great deal of hydrologic study, but the
effort promises to pay off handsomely in guaranteeing the hydrologic
security of the vast new water developments foreseen for the future
in this large region.
PROSPECTS AND NEEDS

From what has been said so far in the general part of this report,
and from what is said in the descriptions of the situation in the
individual States, certain conclusions about ground water can be
drawn.
1. Ground water is a very important resource. Though it meets only
about one-fifth of the Nation's withdrawal needs, its widespread
availability and its desirable properties such as clarity, bacterial
purity, and consistent temperature and chemical quality have led
to its large-scale development in many areas the country over.
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Furthermore, it is capable of very much greater development in
many areas.
2. Ground water is an integral phase of the hydrologic cycle and
must be developed with this fact in mind. The days when ground
water and surface water could be regarded as two separate resources are over. Choices between development of water from
streams and reservoirs and development of water from wells must
still be made, but they must be made in the realization that the
water comes from a common supply.
3. Ground-water reservoirs store far more water than is or conceivably could be stored on the surface, and they offer numerous
opportunities for integrated development in which their storage
capacity will enable evening out the fluctuations in water supply
resulting from variable precipitation and runoff.
4. Ground water, when large quantities are being sought, is inherently
more difficult and expensive to locate, to study and evaluate, to
develop, and to manage than surface water. Furthermore, both
the management of ground water and that of water as a whole
will be complicated by deficiencies and incorrect concepts in much
of existing water law, principally the common failure of existing
water law to regard ground water as a single substance and the
even more common failure to recognize the interconnection between
surface and ground water.
5. Development of ground water as a phase of coordinated multiplepurpose water management can be achieved on a large scale only
if adequate hydrologic information is available. A large part of
the country is covered by the areal geologic and topographic maps
that serve as an indispensable basis for hydrologic studies, and
a substantial start has been made on the hydrologic studies themselves. Nevertheless, the informational base for large-scale development is still woefully inadequate.
Perhaps the best way to consider the future role of ground water
is to examine the water needs and prospects of the Nation as a whole
and to see how ground water fits in. The best available vehicle for
such an examination is supplied by the report of the Senate Select
Committee on National Water Resources and its supporting documents, which represent the result of the most comprehensive thinking
about water in the United States that has yet been attempted. The
following discussion (especially p. Y9-110) is adapted in part from
an analysis of the Committee's report prepared by the writer for
publication in the Natural Resources Journal of New Mexico University's School of Law (McGuinness, 1962).
The discussion includes brief references to certain subjects that
are outside the normal field of responsibility of the Geological Survey, including the general subject of water-management policy and
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activities touching on certain phases of the hydrologic cycle, such
as weather modification. These subjects are mentioned simply to
give the reader an idea of the vast scope and complexity of the
field of water resources, and the writer's comments on them are
his own.
PREDICTIONS OF THE SENATE SELECT COMMITTEE ON NATIONAL
WATER RESOURCES

The Committee attempted to visualize the Nation's water needs
and assets as of 1980 and 2000. The conclusions on these subjects
are summarized, from the vast amount of information that had been
made available, in Committee Print 32 (Wollman, 1960). The following four tables are adapted from that document and from the
summary of it given in the main report of the Committee (U.S.
Senate Select Committee on National Water Resources, 1961a, p.
128-130). Tables 1-3 show, by regions into which the conterminous
United States was divided (pi. 4), the total withdrawal, consumptive use, and storage of water as estimated for 1954 and predicted
for 1980 and 2000. Table 4 shows water use by categories.
The tables are nearly self-explanatory, but attention should be
called to a few points. The total withdrawal shown for 1954, 300.3
bgd, is an artificial figure based on the asumption that a full supply
of water was available for all uses existing in 1954. The middle
1950's were years of drought in large parts of the United States,
and there were substantial shortages of water to meet existing uses.
The actual total withdrawal was about 240 bgd in 1955 and was
probably about the same in 1954.
The consumptive uses subtotaled in table 4 include only those
given in footnote 2 of table 1. The consumptive uses resulting from
watershed-treatment measures and the losses from swamps and wetlands inhabited by wildlife as of 1954 were already reflected in the
figures for runoff remaining as of that year. The supplemental
figures for these uses included in table 4 for 1980 and 2000 are
additional losses which, according to the best estimates that could be
made, will occur because of additional watershed-treatment measures
that will be undertaken, and additional swamps and wetlands that
will be created for wildlife, by 1980 and 2000.
The figures for streamflow required for pollution abatement are
based on estimates made by G. W. Reid (1960) in Committee Print
29. They indicate the amount of water required to maintain a
dissolved-oxygen content of 4 ppm, the minimum considered necessary to maintain the streams in acceptable condition for fish (and,
in a general way, for other wildlife and for recreational uses). The
flows shown are those required for waste dilution and dissolvedoxygen maintenance after the wastes receive a certain specified
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minimum degree of treatment before being discharged. Where flows
are expected to be adequate, the treatment specified is such as to
result in an overall minimum cost for treatment. In regions of
expected water shortage, the treatment specified is such as to require
minimum storage (and thus minimum loss of water by evaporation
from reservoirs), even at the expense of increased cost of treatment.
TABLE 1. Water withdrawal, consumptive use, and storage in the conterminous
United States, 1954
Water-resource region

New England. ______ ________
Delaware and Hudson.... ______
Chesapeake Bay_______________
Southeast _ ______________ ___
Eastern Great Lakes. ______ _.
Western Great Lakes __ _______
Ohio River_______ _____ _ ____
Cumberland __ ______ _______
Tennessee. -._. ______________
Upper Mississippi __ __________
Lower Mississippi ____________ _
Upper Missouri . _ ____________
Lower Missouri... ____________
Upper Arkansas Red River.
Lower Arkansas Red and White
Rivers _________
____
Western Gulf _ ___ __ _ _
Upper Rio Grande and Pecos __
Colorado ________ _______ ___
Great Basin _ ____________ ___
Pacific Northwest __ __________
Central Pacific.... _____ _____
South Pacific _ ______________
Total United States except Alaska and Hawaii____ __ __________

Withdrawal
in 1954 1
(bgd)

Consumptive Average reuse in 1954 1 > maining runoft (bgd)
(bgd)

Existing surface-storage
capacity for
all ourposes
(million acrefeet)

6.3
148
7.2
11.2
11. 2
12.9
22.0
. 1
3.6
&5
44
2&0
1.3
8.4

0.37
.63
.29
1.91
.40
.59
.72
.03
. 13
.56
1.40
13. 97
. 13
3.96

67.0
32.0
52.0
212.0
»40. 0
»42. 0
110.0
17.0
43.0
62.0
49.0
19.0
23.0
11.0

9.0
3.1
.9
16.4
.5
1.2
5.7
6.4
15.0
4.3
4.5
74.8
1.2
7.3

3. 8
22.8
8.9
26. 7
12.6
248
50.0
10.8

1.38
10.00
5. 10
15. 70
7.35
12.70
27.90
4. 19

77.0
46.0
(«)
3.2
3.7
143.0
47.0
.36

26.8
11.2
3.3
35. 1
4. 1
28. 9
16. 4
1.8

300.3

109. 5

1, 100. 0

278.0

1 Based on assumption that a full water supply was available to meet all needs. There were substantial
shortages of water in 1954, and the actual total withdrawal was close to the 240 bgd estimated for 1955 by
MacKichan (1957, p. 13).
9 Consumptive uses or losses for agriculture, mining, manufacturing, steam-power cooling, and municipal
use.
a Runoff from United States part only.
4 Present appropriations exceed supply.

The predicted demands as of 1980 and 2000 are truly impressive.
That the actual withdrawal in 1954 was about 240 bgd instead of
the 300 bgd estimated as a full supply shows that the Nation was still
far short of having developed sources and provided storage to meet
the needs as of that time. By 1960 a return to wetter weather and
construction of new facilities enabled the withdrawal to increase to
270 bgd, but if 300 bgd was needed for a full supply in 1954, the
need in 1960 presumably was somewhat greater perhaps 330 to
350 bgd. Will the Nation be able to increase its water supplies so
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as to meet projected demands of 559 bgd in 1980 and 888 bgd in
2000? The writer believes that the projected goals will not be met
fully. Water supplies developed as of 1960 represent a very large
expenditure of money and effort, which in many areas has involved
considerable sacrifice on the part of those paying the bill. To double
the 1960 use by 1980 and triple it by 2000, in view of the fact that
the overall supply is more or less fixed, would seem to represent a
most ambitious, and perhaps overly ambitious, goal. Judging from
past experience, when 1980 and 2000 come along the Nation will be
in something like its present situation water supplies far larger
than those of the past, but still smaller than could be considered
fully adequate. Nevertheless, past increases in demand have been,
very real and have necessitated very real efforts to meet them, and
at the very least the Nation dare not let itself fall any farther behind
in relation to its minimum real needs than it was in 1960.
TABLE 2. Water withdrawal, consumptive use, How, and storage in the conterminous
United States, 1980

Water-resource region

Withdrawal
(bgd)

ConsumpFlow
tive use needed for
Total
and addi- pollution
water
tional abatement2 required
(bgd)
losses J
(bgd)
(bgd)

Storage capacity required
in addition
to that of
1954 (million
acre-feet)

18.0
35.8
20. 8
39. 2
32. 5
38.0
67.2
. 5
11. 7
22. 5
8.7
33.9
2.6
12. 1

1. 5
2. 1
1. 5
19.4
1.8
4.3
2.2
.2
. 5
5. 1
9.5
29.2
. 4
5.3

12. 7
11.7
22. 5
56.0
140
31.9
17.2
7.5
23. 9
25.3
12. 7
4.4
3.2
2.6

14.2
13. 8
24.0
75. 3
15. 8
36. 2
19.4
7.7
24.4
30.4
22.2
33.6
3.6
7.9

3.4
6. 1
11.2
28.0
&5
34.0
10. 1
3.3
6.4
14.0
15. 8
» 30.0
3. 6
8.0

Great Basin. _______________
Pacific Northwest. __________
Central Pacific. _ ____________
South Pacific. ________ _____

7. 1
43.0
10.3
27.6
13.0
35.0
60.2
19. 4

4.0
20. 5
6.3
17. 1
10. 9
13. 9
30.7
4.0

12. 9
20. 4
1.0
2.2
1. 2
28.9
13. 8
6.3

16.9
40. 9
7.3
19.3
12. 1
42. 8
44.5
10. 9

20.0
340
8 7. 4
» 14 5
3 6.5
19. 2
31.0
3 .6

Total United States
except Alaska and
Hawaij________ ____

559.0

190.4

332. 2

523. 2

315.6

Delaware and Hudson. ______
Chesapeake Bay. _____ _____
Southeast. _____________ __.
Eastern Great Lakes __ _____
Western Great Lakes. _ _ _ _
Cumberland. _____ _________
Tennessee. _________________
Lower Mississippi ___________
Upper Missouri. ____________
Lower Missouri. _ __________
Upper Arkansas Red River ._
Lower Arkansas Red and
White Rivers. ____________
Western Gulf. __ _ _ ______
Upper Rio Grande and Pecos_

J Projection of items as listed in footnote 2 of table 1 plus increase over 1954 in losses from land treatment
and structures, and from swamps and wetlands for wildlife.
1 Streamflow required to maintain 4 milligrams of dissolved oxygen per liter under minimum-cost program
except in regions of water shortage, where minimum-storage program is used.
3 Storage required to develop runoff fully.
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TABLE 3. Water withdrawal, consumptive use, flow, and storage in the conterminous
United States, 2000
Water-resource region

New England_---_-__------_
Delaware and Hudson. _ _ _
Southeast. _______ _________
Eastern Great Lakes. ____ __
Ohio River. ____________ __.
Cumberland. _________ _ ___
Upper Mississippi ___________
Lower Mississippi ___________
Upper Arkansas^ Red River. _
Lower Arkansas Red and
White Rivers... _____ _____
Western Gulf___ ___ _ ....
Upper Rio Grande and Pecos.
Colorado.-. --------- _-___
Great Basin_ ____ __________
Pacific North west. _____ ____
Central Pacific_________. _.
Total United States
except Alaska and
Hawaii. _ ________

Withdrawal
(bgd)

ConsumpFlow
Total
tive use needed for
and addi- pollution
water
tional abatement2 required
losses'
(bgd)
(bgd)
(bgd)

Storage capacity required
in addition
to that of
1954 (million
acre-feet)

31. 2
58.7
36.0
73.2
58.3
65. 4
110. 7
2.0
243
40. 0
16.0
47.3
6.4
16.6

2.5
3. 1
3. 1
32. 6
2.9
7.9
49
. 4
1. 1
11.0
13. 5
40. 1
1.8
7. 1

16.9
16.7
23.8
66.8
26.0
51. 2
29.4
12.3
28.6
21.8
22.6
11.0
5.3
46

19.4
19.8
26.9
99.4
28.9
59.1
343
12.7
29.7
32.8
36. 1
51. 1
7.1
11.7

6. 1
12.0
145
49.0
22.8
1 50.0
20. 3
7.8
12.0
17.0
29.0
30.0
6.7
13.0

11. 5
79.0
10.8
30.0
13.3
60. 5
69. 1
28. 5

6.4
28. 7
6.7
17. 1
11.8
16.3
29. 9
43

20. 9
148
3.6
45
1.7
28.0
24.6
11.4

27.3
43. 5
10.3
21.7
13. 5
44 3
545
15.7

32.0
8 340
» 7.4
8 14 5
! 6.5
20.3
36.5
J.6

888.4

253. 1

446. 5

699.6

442.2

> Projection of items as listed in footnote 2 of table 1 plus increase over 1954 in losses from land treatment
and structures, and from swamps and wetlands for wildlife.
» Streamflowrequlred to maintain 4 milligrams of dissolved oxygen per liter under minimum-cost program
except in regions of water shortage, where minimum-storage program is used.
3 Storage required to develop runoff fully.

TABLE 4. Summary for the conterminous United States, by uses
[Billion gallons per day]
1980

1964

2000

With- Consump- With- Consump- Withdrawal tive use drawal tive use drawal

Municipal __ _____________ 16.7
Agricultural.. ________ __ __ 176. 1
Manufacturing. ____________ 31.9
Steam-electric __ ___________ 74 i
Mining^ __________________
1.5

2. 1
103.9
2.8
.4
.3

Subtotal. ____________
Watershed improvement. ___
Swamps and wetlands for
wildlife. ______________ _

109.5

TotaL... ____________ 300. 3

2&6
167.2
101.6
258.9
2.7

559.0

3.7
104.5

a?

1.7
.6

42.2
184.2
229. 2
429.4
3.4

Consumptive use

5.5
126.3
20. 8
2.9
.7

119.2
14.0

156. 2
i 7.0

i 66.7

i 89.9

189. 9

888.4

253. 1

1 Increase over similar consumptive uses in 1954, which were already reflected in the runoff remaining as of
that year.
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The projection of demands to 1980 and 2000 are based on the following assumptions (U.S. Senate Select Committee on National Water
Resources, 1961a, p. 4): (1) that the national economy will continue
to grow at past rates (the Committee would like to see it grow even
faster, which would mean even larger water demands), (2) that
adequate water supplies will be made available under present pricing
policies, (3) that there will be little change in presently known technical methods of water use, and (4) that present inefficient methods of
water use will continue except that, hopefully, irrigation efficiency
will improve substantially (U.S. Dept. Agriculture, 1959a, b). The
Committee expects irrigated acreage to increase by 1980 by 7
million acres over the figure for 1954, but it expects that increases
in water cost and absolute shortages of water will necessitate
improvements in efficiency. Alternatively, a part of the current irrigation use will be'converted to economically more productive uses,
as is already happening in the vicinities of some Southwestern cities.
In any event, it is expected that by 1980 there will be an actual
decrease in irrigation withdrawal and only a slight increase in
consumptive use. (See table 4.)
No such assumption of increased efficiency is made for industrial
use, which has replaced irrigation as the largest single withdrawal
use of water. (See Woodward, 1957.) The writer believes that the
same factors of cost and water availability that are expected to force
an increase in efficiency in irrigation use will operate in the same way
to reduce the industrial demand below the projected figures. (See
Ciriacy-Wantrup, 1960.)
The projections of the Committee involve the assumption that
there will be a great increase in the withdrawal of ground water.
Committee Print 31 (Ackerman and others, 1960, p. 22) cites Alfred
Loehnberg as predicting that the ratio of ground-water to surfacewater withdrawal, stated to be about 1 to 4 currently, might increase
to something like 1 to 2 or even 1 to 1 in the next 20 to 50 years.
The data on ground-water withdrawal are not sufficiently good to
enable even a reliable statement as to what the real increase was
from 1950 to 1960. According to the figures of MacKichan (1951)
and MacKichan and Kammerer (1961b), the total in 1950 was about
30 bgd and that in 1960 was a little more than 46 bgd; the increase
during the decade thus was a little more than 50 percent. The 1950
figure for irrigation may have been low, so that the actual withdrawal
in 1950 may have been greater than 30 bgd. Thus, the actual increase
from 1950 to 1960 may have been less than one-half, and conceivably
no more than one-third.
The following table, in which the figures are in billion gallons per
day, compares (1) the results of assuming that the withdrawal of
ground water will increase by one-third to one-half each decade with
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(2) the demands estimated on the assumption that the Committee's
predictions of total withdrawals will hold and that ground-water
use will increase as predicted by Loehnberg.
^

J

&

Withdrawal in 1960 (approx.)__________________

Billions

of gallons
per day
___
46.4

Assuming increase of one-third each decade:
1980 ______________________________________82
2000 ________________________________________147
Assuming increase of one-half each decade:
1980 _________________________________ _1__104
2000 ________________________________________235
Assuming total withdrawals of 559 bgd in 1980 and
888 bgd in 200 and ground water-surface water ratios shown:
Ratio 1:2
1980 _____________________________________186
2000 _____________________________________296
Ratio 1:1
1980 _____________________________________230
2000 _____________________________________444

The contrast between the more and the less conservative predictions
is striking. In the writer's opinion, the more conservative predictions
are more likely to be realized.
Even if the total demands do not reach the levels predicted by the
Committee, however, and even if the withdrawal of ground water
increases no more rapidly than one-third each decade, there is no
question that the demands for water will be great and will not be
easy to meet. Increasing costs and increasing shortages will, in the
writer's opinion, tend to keep the withdrawals from rising as high as
envisioned in the Committee's report, but this very fact is an indication of the difficulties to be expected. Water planners and water
developers will need all the help they can get in the form of hydrologic information, new planning techniques, and public understanding and support of the vastly increased effort that will be required
to meet tomorrow's water needs.
PROBLEMS

The Committee lists the Nation's major water problems under six
headings: (1) supply in relation to demand, (2) distribution, (3)
natural quality, (4) manmade pollution, (5) variability, and (6)
floods. The following brief discussions give some inkling of the
scope of the problems and of the effort that will be required to solve
them.
SUPPLY AND DEMAND

The projected withdrawals of 559 and 888 bgd by 1980 and 2000
would be equivalent to roughly one-half and four-fifths of the

PROSPECTS AND NEEDS

85

approximately 1,100 bgd of "average remaining runoff" as of 1954
(table 1). Because of reuse the actual demand on "streamflow"
(actually, on water sources, including ground water) will not be as
great as the figures might suggest, even if the totals are as high as
559 and 888 bgd, and the problem boils down in large part to
maintenance of quality to permit reuse. A better idea of how streamflow will actually be required can be obtained by adding the expected
consumptive use to the minimum quantity needed to permit use and
reuse of water in amounts adding up to the projected totals.
Consumptive use of water withdrawn and used for agriculture,
mining, manufacturing, fuel-electric power generation, and municipal
supply, plus increases over 1954 consumptive uses related to watershed treatment and swamps and wetlands, are expected by the Committee to total 190 and 253 bgd by 1980 and 2000. These represent
quantities by which the average streamflow is expected to be reduced
below the average as of 1954.
The remaining part of the quantity of streamflow needed to permit
withdrawal uses in the projected amounts can be expressed in terms
of the minimum quantity needed for acceptable pollution abatement.
This quantity is larger than that required for any other single
purpose except hydropower generation; hence, if there is enough
streamflow to satisfy pollution-abatement requirements and consumptive uses, there will be enough to meet the demands for individual
uses such as public supply, irrigation, and industry including fuelelectric power. The projected amounts required for pollution abatement are 332 and 447 bgd for 1980 and 2000.
The Committee chose not to base its estimates of streamflow
required as of 1980 and 2000 on the quantities required to provide for
every conceivable hydropower project. The quantities required
would have been considerably larger than those shown above, and
there are other ways of generating power. Of course, this does not
mean that there will not be additional hydropower developments.
There will be many, and some of them of course will involve quantities of streamflow considerably in excess of those required for downstream consumptive uses and pollution abatement.
The total quantities of "streamflow required" obtained by adding
the quantities given previously are 523 and 700 bgd for 1980 and
2000. The figures mean simply that, if enough storage (including
developed ground-water storage) is provided to assure that these
quantities will be available, and if the assumed degree of treatment
of wastes is achieved, there will be enough water of acceptable quality
for the projected municipal, industrial, and irrigation uses; for
recreation and fish and wildlife; and for navigation. As a bonus,
the required storage will go a long way toward meeting flood-protection needs.
671316 O «3 7
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DISTRIBUTION

The figures given previously are totals for the conterminous United
States. They take into account the uneven distribution of readily
available water in the country, and they envision full development
of the available water in 5 of the 22 water-resources regions by 1980
and 3 more by 2000. The five are the South Pacific, Colorado River,
Great Basin, Upper Rio Grande-Pecos River, and Upper Missouri
regions. (The South Pacific region has already run out of water so
far as its natural supply is concerned; it is already importing a
substantial part of its water and is planning to import more.) The
three additional regions, where full development will be needed by
2000, are the Upper Arkansas-Red River, Western Great Lakes,
and Western Gulf regions.
The Committee points out that the eight regions listed will not
necessarily have reached their economic ceilings by the indicated
dates. They are, however, the regions where the most vigorous steps
will have to be taken to install dams and reservoirs, water-salvage
projects, and flood-control facilities; to develop techniques for conversion of saline water, control of evaporation, and improved waste
treatment; to manage watersheds for increased water yield; to make
more intensive use of aquifers as storage reservoirs; to work out interbasin transfers of water within and between regions; and to revise
water uses for maximum economic productivity.
NATURAL WATER QUALITY'

Surface water varies greatly from place to place and time to time
in the content of dissolved and suspended materials that inhibit
use. Ground water varies similarly from place to place in content
of dissolved material, but ordinarily it is free of sediment. That
from a given aquifer at a given place ordinarily varies little in
' chemical quality from time to time; but, as use of aquifers for
planned or incidental storage and withdrawal of surface water
'increases, the quality will vary with time also, though never to the
extent that surface water does.
Water-Supply Papers 1229 and 1300 of the U.S. Geological Survey
(Lohr and Love, 1954a, b) give a general idea of the variation in
quality of both ground water and surface water from place to place,
in the form of analyses of the public water supplied to the principal
cities and .towns of the Nation. The Drinking Water Standards of
the U.S. Public Health Service (1961) give an indication of the
chemical requirements of water considered satisfactory for domestic
use. The water supplies of many of the cities listed by Lohr and
Love fall short of the requirements set up in the Drinking Water
Standards. So do those of an even higher proportion of the smaller
towns and cities, not listed by Lohr and Love.
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Quality requirements for irrigation water are the subject of a
report of the U.S. Salinity Laboratory Staff (1954). Eequirements
for various industrial uses are listed in several reports, including
Publication 3 of the California State Water Pollution Control Board,
published in 1952 and entitled "Water-Quality Criteria", and a
"Manual on Industrial Water" published in 1954 by the American
Society for Testing Materials.
Variations in natural quality, and shortage of water of good quality, are most characteristic of the regions where overall supplies are
smallest and where full development must come earliest. The problems involved in treating water to make it acceptable for intended
uses, or of importing water if treatment of the local supply is not
feasible, of course will be greatest in those same regions. There are
States, and water-resource regions, in nearly all of which the water
is of marginal or poor quality and where quality is the most important single problem related to water resources.
MANMADE POLLUTION

Pollution of water from manmade sources may add to and complicate problems of natural water quality, or it may constitute the
principal or sole problem involving quality Thus, in a water-short
region, much of the available water may be of naturally poor quality,
and it is not adequate in quantity to provide dilution of sewage
and industrial waste, so that a large proportion of these pollutants
must be removed by pretreatment before the waste water is discharged In an area of naturally good water quality, manmade pollution may still constitute a serious water-quality problem, as in some
of the New England States.
Polluting substances now discharged in excessive quantities to
streams in many places include sewage and other organic wastes,
which consume oxygen; phosphorus and nitrogen, derived largely
from sewage, which serve as plant nutrients and promote the growth
of algae and other undesirable organisms; and chemical wastes,
including those in water concentrated as a result of use for irrigation and those in the effluent from industrial plants (including radioactive wastes), which make water unsuitable for ordinary uses.
To the chemical wastes can be added sediment generated by man's
activities, which like that resulting from natural erosion must be
removed to make the water suitable for ordinary uses; and heat,
which can be considered a pollutant because it makes the water less
usable for cooling (one of the principal withdrawal uses of water)
and because it reduces the ability of the water to dissolve oxygen
from the air and so inhibits decomposition of organic wastes and
affects fish life adversely.
The Committee's proiections of streamflow required to meet future
water demands assume that used water, before being discharged, will
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be treated to remove oxygen-consuming substances in percentages
ranging from a general minimum of TO percent in 1980 and 80
percent in 2000 in regions of relatively plentiful water supply to 95
percent or even more in regions where water is short or costs of
reservoir storage are high. The general objective is maintenance of
a minimum dissolved-oxygen content of 4 ppm in the streams receiving the wastes. The requirements for waste treatment are generally
far in excess of the standards met today, and obviously they will
call for vastly increased expenditures for research in waste treatment and for construction of treatment facilities.
VARIABrLTTY

Not only does the average supply of water vary greatly from place
to place in the country, it varies greatly from time to time at the
same place. The average runoff in the country as a whole in 18951955 varied from as little as 50 percent of the long-term average in
some years to as much as 140 percent in others (Leopold and Langbein, 1960, fig. 15). Thus, a total "streamflow required" of 523 bgd for
1980, which amounts to something less than half the average runoff
remaining as of 1954, would have nearly equaled the total streamflow
in the driest year of the period 1895-1955; the TOO bgd of "streamflow required" as of 2000 would have substantially exceeded the total
streamflow in the driest year.
The maximum variation in runoff observed within a given region
may be, and generally is, greater than that from the 50 to 140 percent observed for the country as a whole. In individual basins within
a given region the observed variation may be even greater, and from
season to season within a given basin it may be greater still. And,
characteristically, it is in the regions where the need for water is
greatest that the variations are most extreme and where the supply
available in dry seasons of dry years is smallest. This is true not only
in the arid West, where an arroyo m&y be dry more than nine-tenths
of the time but may have a maximum instantaneous flow of tens of
thousands of cubic feet per second, but also in areas of greater average precipitation. For example, the Neosho (Grand) River as
measured at lola, Kans., where the annual precipitation is somewhat
greater than the national average of 30 inches, during a period of
record including 1895-1903 and 191T-5T had an average flow of 1,550
cfs, a maximum of 436,000 cfs, and a minimum of 0 (U.S. Geol.
Survey, 1960b, p. 30-31).
Furthermore, streamflow records are made only to be broken. Data
on most gaged streams cover only a few decades, and there is no
reason to suppose that they indicate the extremes that ultimately
will be recorded. It is not just the high end of the range that will be
extended. A stream cannot flow less than 0, but it can have such a
"flow" for longer periods than have been observed in the past.
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It is easy to visualize what variability in flow means in terms of
requirements for storage to carry water over from wet to dry years.
Tables 1-3 show that the 278 million acre-feet of surface-reservoir
storage existing as of 1954 would have to be supplemented by 316
million acre-feet of additional capacity by 1980 and another 126
million acre-feet by 2000. Thus the total would increase from 278
million acre-feet in 1954 to 594 million by 1980 and 720 million by
2000.
A substantial part of the additional storage capacity will have to
be supplied by ground-water reservoirs. In much of the country the
best sites for surface reservoirs are already occupied by reservoirs or
by structures or man or activities such as recreation that make
reservoir construction impractical. And, in some dry areas additional
reservoirs that might be constructed would have an area-depth ratio
such that evaporation would take an inordinately large share of the
water that would be captured. (See Langbein, 1959.) Unfortunately,
many areas where additional surface storage may be impractical
have no aquifers suitable for large-scale cyclic storage of water.
And, both extensive research in the hydrologic principles involved
and hundreds of detailed "site studies" will be needed before groundwater reservoirs can even begin to meet their part of the future
needs for usable storage capacity.
FLOODS

In a country having a large natural water supply, such as the
United States, floods rather than shortages of water are among the
earliest problems to occupy man's attention as his use of the land
intensifies. To floods might be added another kind of water surplus
that in swampy lands that need to be drained to enable cultivation
or other use. Thus flood control and drainage have been on the
Nation's mind for a long time, and projects costing many billions
of dollars have been built for flood control and drainage.
Nevertheless, so far as floods are concerned, damage as expressed
in dollars continues to rise, both because new record flood peaks are
reached and because the structures and activities of man that are
damaged by floods are constantly increasing in value. The chief
cause is man's increasing encroachment on flood plains, which by
their very name and definition are bound to be flooded from time
to time.
Levees and other structures to protect downstream areas will
have to be constructed in many places, but upstream storage will
be the principal means of reducing floods. That storage will be
provided largely by the reservoirs constructed to provide adequate
low flows for withdrawal uses of water and dilution of wastes, but
many reservoirs designed principally or solely for flood control will
still be necessary.
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A brief but illuminating assessment of the flood-control situation
in the United States is presented by Langbein (1960). He cites a
study by G. F. White and others of the University of Chicago which
shows that the reduction of flood damage by protective works in
recent years has barely kept pace with the increase in potential damage resulting from increasing occupancy of flood plains.
SOLVING THE PROBLEMS

The U.S. Senate Select Committee (1961a, p. 2), after calling
attention to the general abundance of the Nation's water resources,
sets forth in one sentence the basic water problem confronting the
Nation: "There is work to be done, work to develop and use the
abundant resources placed in our custody by a Munificent Providence, work to develop the practices and techniques which will permit ever-increasing needs to be filled within the -finite limits of the
resources we have" [Emphasis supplied.] We have, and except for
the effects of a gradual increase in consumptive use we will continue to have, about as much water as we have had in the past.
With it we must meet withdrawal needs which, after having actually
increased from about 170 bgd in 1950 to 270 bgd in 1960, are
projected to increase to 559 bgd by 1980 and 888 bgd in 2000. No
rational person expects the world to end in 2000, or in 3000, and
presumably we must expect our numbers and our water demands
to continue increasing after 2000.
In the more or less distant future, perhaps within the next 100
years, our water demands may be such that no conceivable combination of presently mastered techniques will be able to satisfy them
with our present water supply. By such a time it is to be hoped
that there will have been a major breakthrough in reduction of
energy costs. Such a breakthrough would so reduce the costs of
operations associated with collection, treatment, and distribution of
water that continental sources of water could be fully exploited and
converted sea water would meet any deficiency that still remained.
Advances in technology during the past half-century have been so
profound that it would be foolhardy to bet that the "big breakthrough" in energy-cost reduction will never come. But it would
be equally foolhardy to sit on our hands expecting it to come
tomorrow, or within the next several decades. Meanwhile, our water
problems are with us now, and the only sane course is to deal with
them now, doing the best we can with the resources we have and
the techniques that have been developed or can be seen to be emerging. "The best we can" is a great deal better than the best we have
done in the past.
The Committee outlines five major categories of effort:
1. Regulating streamflow by constructing surface reservoirs and
through watershed management.
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2. Improving quality of water through more adequate pollution
abatement.
3. Making better use of underground storage.
4. Increasing the efficiency of water use through elimination of
wasteful practices, improved sewage treatment, recirculation of
water instead of "once-through" use, and substitution of air for
water cooling.
5. Increasing natural fresh-water yield by desalinization, weather
modification, and other artificial means.
Not one major phase of any one of the five categories can be
pursued fully on the basis of existing scientific, technical, and
economic knowledge. Thus to the five categories listed should be
added a sixth, hydrologic studies, and as the indispensable prerequisite to any action program this item should stand at the head
of the list. Very briefly, what is needed is intensified study of the
fundamentals of water occurrence and relationships; of techniques of
water development, purification, and management (including desalinization and weather control) ; and of the availability and quality
of water area by area.
The U. S. Senate Select Committee (1961a, p. 43-71) lists a number of areas of action required to meet national goals as those goals
depend upon water. Some of these are broad matters of policy and
are scarcely more than listed here. Others are discussed a little
more fully.
IMPROVING PUBLIC UNDERSTANDING OF WATER PROBLEMS

It should go without saying that public understanding and financial support are essential to solution of water problems. The study
of the Senate Select Committee was the latest of more than 20 of
national scope that had been undertaken in the past half century
(Jibrin, 1959) 7 of them since 1950. All these studies had as a
principal objective the clarification of a water problem of national
scope and the elicitation of public support of the effort required
for a solution. The Committee recognized that keeping the public
informed is necessarily a continuing operation, and it recommended
that the situation in regard to water supply and demand, as summarized for 1960 in Committee Print 32 (Wollman, 1960), be brought
up to date periodically.
COMPREHENSIVE PLANNING

Comprehensive planning for river-basin development has been
undertaken from time to time for more than half a century. Past
projects, however, have been concerned mainly with storage, distribution, and management of surface water. Future planning must
be truly comprehensive, covering use and management of ground
water as well as surface water and involving land-water relation-
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ships and varied human activities on a scale never attempted in past
planning. (See Hirshleifer and others, 1960.) Complexities in planning procedures will multiply at a geometric rate as the area covered
by a plan increases to include parts of several States of differing
economic and political backgrounds and as the number of water
sources and uses increases. Special techniques of "hydroeconomic"
planning involving vast numbers of computations will have to be
developed to enable comparison of, and the best possible choice
among, various alternatives for developing and using water.
IMPROVEMENT OF STATE AND LOCAL PLANNING AND DECISION MAKING

Most specific water problems are local or regional. Their national
significance results from the fact that, in the aggregate, they seriously
threaten the national welfare. It is only common sense to look at
them from a national viewpoint and to provide at the national level
such assistance in the form of research, planning, and financing as
will meet national goals most economically and rationally. NeverThe U.S. Department of Commerce, in a report cited on page 41
theless, the bulk of the decisions and of the financing will be local,
of the Committee's report, makes the following estimates of capital
investment required to meet the water-development needs projected
by the Committee as of 1980:
Billions of
IS58 dollars
Investment in existing facilities, 1958 ____________________179
Needed to bring 1958 facilities up to 1958 needs _______________ 26.2
Required investment for new facilities, 1958-80 _______________114.4

Replacement of facilities becoming obsolete in 1958-80 __________ 87.6

Of the $228.2 billion required to bring the 1958 facilities up to par
and to build new or replace old facilities to meet needs arising
between 1958 and 1980, it was visualized that non-Federal sources
would be required to furnish about three-quarters. Obviously, those
who provide the bulk of the money locally are going to make the
bulk of the decisions locally. And, of course, through their elected
representatives in Congress, they will make the rest of the decisions
indirectly. Therefore, comprehensive plans for river-basin development will have to be worked out within the framework of local,
State, and regional needs.
L. B. Leopold and R. L. Nace of the U.S. Geological Survey (1962,
in press) discuss the role of government under the provocative title
"Government Responsibility for Land and Water: Guardian or
Developer?" They bring out the need for water-management officials, at any level of government, to learn the scientific principles
that govern water occurrence, to be able to predict the effects of
various proposed patterns of development, to correlate hydrologic
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principles and management techniques, and to protect intangible
values while meeting water-related needs.
NEW TECHNICAL METHODS

New or improved technical methods for developing, using, or
reclaiming water supplies came in for a great deal of attention in
the work .of the Committee. Committee Prints 21-30 incorporate 12
reports by agencies of the Departments of the Interior, Agriculture,
Commerce, and Health, Education, and Welfare, the Atomic Energy
Commission, and consultants on the subjects of evapotranspiration
reduction, weather modification, evaporation reduction and seepage
control, water-quality management, river forecasting and hydrometeorological analysis, saline-water conversion, application and
effects of nuclear energy, water-resources research needs, water
requirements for pollution abatement, and present and prospective
means for improved reuse of water. The conclusions of the 12 reports
are summarized in Committee Print 31, "The Impact of New Techniques on Integrated Multiple-Purpose Water Development," by
E. A. Ackerman and others (1960), and in the Committee's own
report (1961a, p. 51-58).
The techniques described in the reports are of varying degrees of
promise as means for providing or safeguarding water supplies for
future needs. Some, such as weather modification, are speculative
at best as now understood. Others, such as waste treatment and
reuse of water, are methods that are already in use but will have to
be improved in efficiency and increased vastly in the extent of their
application. The various techniques are discussed briefly below
from the present writer's point of view.
REDUCTION OF EVAPORATION FROM RESERVOIRS

Application of a film one molecule thick of certain substances
such as hexadecanol, or cetyl alcohol, to the water in surface
reservoirs has the effect of reducing the rate of evaporation of the
water (Magin and Eandall, 1960, p. 56-60; see also Deardorff, 1961).
Materials investigated to date have no known toxic effects. Because
of dispersion of the film by wind, the method has been much less
successful on large open bodies of water than it has in the laboratory.
Also, the material seems to be decomposed by biologic action, and
for both this reason and dispersion by the wind, the film must be
renewed periodically.
Another effect that has not been evaluated fully is that of the
reduction in evaporation in increasing the temperature of the water.
The temperature of water reflects a balance between heat energy
reecived and that discharged, and natural evaporation plays an
important part in the balance because of the large amount of heat
energy required to evaporate water the "heat of vaporization" of
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water is more than 575 calories per gram at temperatures below
100°F. If evaporation is reduced, the heat formerly used in
evaporation stays in the water and raises its temperature until the
excess heat can be discharged, by an increase in the rate of heat
discharge to the atmosphere or the ground and by increased
evaporation from the warmer water through the monomolecular
film itself. If the temperature simply rises until most of the initial
saving is offset by increased evaporation through the film, use of
the process might not make much sense. Also, the effect of increased
temperature on aquatic life and on use of the reservoir for recreational and other purposes must be considered.
The U.S. Bureau of Eeclamation (1959, p. 3) estimates that under
optimum conditions water can now be saved at an average cost of
about $40 per acre-foot (12 cents per thousand gallons). This is
far higher than the cost of most irrigation and industrial water, but
some high-cost irrigation projects being planned even now will
have comparable water costs. The Bureau estimates that as much as
2 million acre-feet per year might be saved in this way in the 17
Western States by 1980 and that costs ultimately might be lowered
to as little as $10 per acre-foot. The evaporation loss from present
reservoirs in those States is estimated at not less than 10 million
acre-feet per year (Ackerman and others, 1960, p. 23); Meyers
(1962, p. 93) gives a total of 23.6 million acre-feet per year, 12.3
million from large reservoirs and regulated lakes and the rest from
smaller lakes and reservoirs, from streams, and from canals.
The writer doubts that evaporation suppression will prove to be
one of the really major methods of extending water supplies, but
it may be locally important and certainly should be investigated
thoroughly to determine all its advantages and limitations. It is
especially promising for use on small farm and stock ponds, where
the effects of wind are less marked than in large reservoirs.
REDUCTION OF EVAPOTRANSPIRATION FROM AREAS OF PHREATOPHYTES

According to Eobinson (1958, p. 25; see also U.S. Department of
the Interior, 1960c; Eobinson and Johnson, 1961), water-loving
plants, or phreatophytes, of low economic value occupy something
like 16 million acres in the 17 Western States and annually discharge
perhaps as much as 25 million acre-feet of ground water. The discharge is 'greatest where the climate is warmest and driest and
where water is most in demand. Also, the worst of the plants, saltcedar, is still spreading. The water thus discharged may be termed
"consumptive waste" (Thomas, 1951, p. 217) as opposed to "consumptive use," and it is an obvious and important target for efforts
at salvage for beneficial use. Estimates of total salvage that might
be realized in the Western States range from 1 to 6 million acre-feet
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per year, at costs of about $40 to $100 per acre for the first clearing
and something like $7 per acre per year for maintenance (U.S.
Senate Select Committee on National Water Resources, 1961a, p. 53).
Quantities of water that might be saved range from an acre-foot or
less to several acre-feet per acre per year. Obviously, the economic
practicability of the method depends on the cost of clearing and
maintenance, the amount of water saved, and the cost of obtaining
water by other means. To save 1 acre-foot per year at a cost of $100
for clearing and $7 a year for maintenance would be economically
unfeasible in many areas, but if 3 or 4 feet of water could be saved
at a cost of $40 for clearing plus $7 a year, the effort might well be
worthwhile. Intensive study is being given to the possibilities in
many areas in the West, and salvage operations are already underway
in a few, such as the middle Rio Grande valley in New Mexico.
Obviously, something has to be done with the water that is saved;
otherwise it will simply run to waste. The water may percolate into
a stream and flow to an area of need without any undue loss; on the
other hand, it may have to be pumped from wells either to save it
from being evaporated locally as a result of a rise of the water table
or to prevent it from flowing to a downslope area of discharge such
as a saline playa lake. One way to make use of the water locally
without having to pump it is to substitute useful plants, such as
alfalfa, that will use up the water, once the low-value phreatophytes
are removed.
Water discharged by evapotranspiration can be salvaged by lowering the water table rapidly by means of drains or wells, and thus
denying the water to the phreatophytes rather than eradicating them.
The water is then transported for use elsewhere. One of the first
examples, if not the first, of such salvage inadvertent but nonetheless effective has occurred along the Gila River in the Gila BendDendora area, Arizona, where a rapid decline of the water table due
to pumping for irrigation resulted in a decrease in the vigor of
growth of saltcedar, and thus in a reduction in the water loss from
the plants (Johnson and Cahill, 1955, p. 20, 39-40).
Salvage of ground water transpired in the humid East is not likely
to be attempted on a large scale, but locally some reduction of vegetal
growth along stream channels may be worthwhile as a means of
increasing streamflow or maintaining pond levels.
Under certain conditions evapotranspiration can be reduced by
treating the soil without reducing plant growth, by such means as
incorporating hexadecanol in the soil. Roberts (1961) describes the
results of preliminary experiments with hexadecanol. The water
requirement of plants grown in treated soil in the laboratory was
reduced as much as 40 percent without apparent injury to the plants.
The absence of injury was confirmed in a field test, in which 16 hills
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of corn each treated with a pound of hexadecanol yielded as much
corn as the rest of the field (125 bushels per acre). The water loss
from the treated hills was not measured but on the basis of the
laboratory tests can be assumed to have been less than that of
untreated hills.
A complication is introduced by legal factors. Under existing law
in some States that follow the doctrine of prior appropriation, use
of water salvaged by evapotranspiration reduction would be regarded
as a new use and would have a low priority. Indeed, in areas closed
to further development the law might be interpreted to the effect
that a person salvaging water would not be permitted to use it at all.
Modification of some State water laws therefore may be necessary
if attempts to salvage evapotranspiration losses are to be encouraged.
VEGETATION MANAGEMENT TO INCREASE WATERSHED TIELD

A part of the water used by vegetation can be salvaged for other
uses by selective cutting or replacement that will not have adverse
effects such as an increase in flood runoff or erosion. The U.S.
Department of Agriculture has taken the leadership in this field. In
a report (1960, p. 17-18) to the Senate Select Committee, the Department sums up the possibilities in the 17 Western States. Increased
yields of as much as 4 inches of runoff per year could be obtained
from forests in the snowpack zone. To realize these yields, it would
be necessary to develop markets for the forest products that would
be taken out and to build access roads. Though quantitatively very
promising in terms of acre-inches of increased yield per acre, the
snowpack zone covers a rather small total area; also, a part of the
zone is proposed for inclusion in national wilderness areas, and that
part of course and properly so could not be treated in this way.
Douglas fir, hemlock, and redwood forests of the north Pacific slope
cover some 25 million acres from which a substantially increased
yield could be realized by forest management. This area is one of
abundant runoff and of relatively small water needs at present, and
no estimates were made of specific savings, in inches of water, that
might be realized. As local needs or needs for water for export
increase, the area will offer important possibilities.
Interior areas of ponderosa pine and Douglas fir total 43 million
acres. The average water yield is about 4 inches, from an average of
20 inches of precipitation, and the yield might be increased by half
an inch to an inch by careful management. This area is potentially
one of the most important for such salvage.
Chaparral and related woodlands yield runoff ranging from 7
inches in central and 5 inches in southern California to 1.5 inches in
Arizona. Though information on the possibilities is meager, conversion of such areas to grass might result in an average increase in

PROSPECTS AND NEEDS

97

yield of 0.5 to 1.0 inch; about half the area of these brushlands
might be subject to treatment. (See Pillsbury and others, 1962.)
Areas of pinyon and juniper receive an average of only 15 inches
of precipitation and yield an average of only half an inch of runoff
per year. Control of juniper and conversion to grass might increase
the runoff by an average of a quarter of an inch per year, but only
in the most favorable tenth of the total area. Studies being made by
the U.S. Geological Survey on the Fort Apache Indian Reservation,
Ariz., are outlined briefly by Sumsion (1961).
Grass and shrub areas receiving an average of 12 inches of precipitation yield an average of only 0.4 inch of runoff per year, and the
prospects for increasing the useful yield substantially are nil.
It appears that increased supplies of a good many million acrefeet per year might be obtained by forest management in the Western
States. Only a part of the total salvage that might by physically
achieved will prove to be economically and politically feasible, but
this total might well be several million acre-feet per year, of the
same order of magnitude as the quantity salvageable by phreatophyte control.
If and when necessary, forest management in the East also could
increase runoff substantially where conditions are favorable. (See
Hoover, 1945.)
SEEPAGE CONTROL AND INCREASED IRRIGATION EFFICIENCY

Much of the water diverted for irrigation never reaches the irrigated fields, owing to seepage from canals and ditches. These
"conveyance losses" are estimated to have totaled 23 bgd, or 26
million acre-feet, in the conterminous States in 1960 (MacKichan
and Kammerer, 1961b). The water is "lost" for useful purposes only
to the extent that it moves to areas where it cannot be recovered
for example, areas where it is evaporated in playa lakes or transpired
by low-value vegetation. Nevertheless, it is lost so far as the local
project is concerned and its loss increases project costs, and enough
of it is lost permanently to warrant substantial efforts to recover a
part of it. The U.S. Bureau of Reclamation (1959, p. 3) estimates
that as much as 1.5 million acre-feet per year could be salvaged by
1980 by such means as lining canals and using closed conduits.
Excessive conveyance losses go hand in hand with excessive irrigation applications, which not only are unnecessary but may cause
waterlogging which in turn both damages the soil and results in
increased "consumptive waste." In part the excessive applications
are due to a fear of reduction in water rights, or to a desire to perfect
a larger right than is actually needed for the land to which the
right applies. Substantial modifications in State water laws, or in
their enforcement, may be needed to make irrigation practices con-
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form more realistically to the concept of beneficial use embodied in
nearly all existing statutes. Locally, seepage losses may have gone
on so long as to have become the basis for either surface- or groundwater rights that depend on their continuation. This complication
in some areas may prevent full application of techniques to control
seepage losses, but it should not be allowed to deter increased efforts
to tighten up existing practices where to do so is both practicable and
reasonable.
REDUCTION IN WATER REQUIREMENTS FOR WASTE DILUTION

As has been stated previously, the principal purpose for which
minimum flows of streams must be increased is dilution of wastes.
(See U.S. Public Health Service, 1960a, b; Reid, 1960.) Techniques
that could reduce the requirement for water for waste dilution might
enable reducing total streamflow requirements by many billion gallons per day and at the same time would result in improving the condition of the streams for recreational uses and fish and wildlife.
Among techniques now being tried are "lagooning" of wastes and
"rapid oxidation" methods, both of which have the effect of oxidizing
much of the organic wastes locally instead of depending on the dissolved oxygen in the streams to do it. Research in the field of reducing
waste-dilution requirements should be greatly expanded and aggressively pursued, for the potential savings in water are at least as
great as those which might be achieved by other technique now in
sight.
SALVAGE OF WASTE WATER

Used water treated to an extent adequate to make it acceptable
for discharge into a stream might prove to be useful for purposes
for which the untreated water might be unsuitable. Thus, instead
of being discharged to waste after one use and treatment, the water
might be reused one or more times before final treatment and discharge. In such a case, partial rather than complete treatment might
suffice for the intermediate stages, the highest degree of treatment
being given only before final discharge. The possibility of reclamation and reuse instead of once-through use should be considered under
as many different situations as possible. Some tens of millions of
gallons per day of treated sewage from the Baltimore municipal
system is now sold to a steel mill. Treated sewage is being used in
some places for irrigating golf courses and other tracts where food
is not grown. With proper precautions, treated sewage could even
be used on crops, though rigid public regulation of such practices
would be essential to safeguard health. Use of reclaimed sewage
for recharging depleted aquifers is being considered in California.
The prospects, in general, are best in industry. The largest single
industrial use of water is for cooling, and even partially treated
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waste water may be suitable for that purpose (Gloyna and others,
1960, p. 8-12).
ECONOMIES IN INDUSTRIAL USE

Industrial reuse of water that has not reached the stage where
it might be considered "waste" water, as described in the previous
section, is another highly promising technique (idem, p. 23-26). The
bulk of industrial water is used for cooling and washing and may
be contaminated only slightly by such use. Kecirculation and reuse
may offer economies that will offset the cost of the required recirculation and treatment facilities. There is nothing new about this, and
many industries reuse water as a matter of course where to do
so may be less costly than purchasing or developing new water.
Even so, great additional savings in water can be made by industries
that do not now recirculate any water at all, and by all industries
in reducing uses to the minimum needed to achieve a particular
result. Substitution of air for water cooling is another possibility,
but perhaps a limited one because of the size and cost of heatexchange equipment that would be necessary to accommodate a
large cooling load.
As the cost of developing water increases, and as more and more
communities establish water rates that reflect the true overall cost
of obtaining, treating, and distributing water and of maintaining
and expanding their systems, water will be reused on a progressively
increasing scale as a matter of economic necessity.
SALINE-WATER CONVERSION

Saline water has been converted to fresh on a small scale for
many years, such as on ocean liners. Since 1952 the Federal Government has been investigating various techniques for conversion,
at first on a very small scale and since 1958 on a more adequate scale.
Five pilot plants using different processes have been authorized.
Two were in operation as of early 1962, one a distillation plant for
converting sea water at Freeport, Tex., and the other an "electric
membrane" plant for converting brackish ground water at Webster,
S. Dak. Several small independently built plants are already in
use, including one at Coalinga, Calif., which is now converting
brackish water by the electric membrane process for its public supply at a cost of $1.50 per thousand gallons, as compared to $7 per
thousand formerly paid for water hauled in (Fred G. Aandahl, in
U.S. Office of Saline Water, 1959, p. vii). The pilot plant at Freeport is reportedly producing water at a cost of about $1 per thousand
gallons, not counting the cost of distribution.
No matter how efficient a saline-conversion process may be in
recovering and reusing heat or other energy, an inescapable minimum
amount of energy is required to separate salt from water molecules
2.6 kilowatt-hours per thousand gallons for sea water according to
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Ellis (1954, p. 25) and 2.9 kilowatt-hours per thousand according
to Cowan (1962, p. 3). B. F. Dodge and A. M. Eshaya, as cited
by Cowan (idem), give 38 kilowatt-hours per thousand gallons as
the "practicable lower limit of energy expenditure" for both distillation and freezing processes. (See also Tribus and others, 1960.)
In the absence of the breakthrough in energy-cost reduction mentioned previously, which would be reflected not only in the cost
of energy used in a conversion process but in vastly reduced costs
for manufacturing the equipment and building the plant and distribution system, it is unlikely that any conversion process will
bring the cost of water below a few tens of cents per thousand
gallons and this only for large plants producing several million
gallons per day. This cost would be in the range feasible for domestic use. Under current and expected economic conditions, however,
it would not b© low enough for large-scale irrigation and industrial
uses, where even now costs are as little as a few cents and in a few
places less than 1 cent per thousand gallons. Hence, saline-water
conversion, useful as it undoubtedly will be for municipal supplies
in areas of high water costs, under current conditions is not a
promising means for producing large quantities of low-cost water.
On the other hand, research on saline-water conversion is already
producing fundamental changes in thinking on the physical chemistry of water (for example, see Keansley, 1960), and no one can say
that it will not produce similar changes in the thinking on practicability and cost of saline-water conversion.
WEATHER MODIFICATION

Weather modification as a technique fpr increasing water supplies
received tremendous publicity and a great deal of support in the
years after 1946, when Langmuir and Schaefer made their "cloud
seeding" experiments with dry ice. Extensive experiments and
large-scale commercial endeavors have added much to existing knowledge of the possibilities, but there is still a great need for research
and experimentation to determine what can be done to increase
precipitation, as well as in other aspects of weather modification,
and what the effects on other areas will be (Eberle, 1960, p. 44-^5).
In Committee Print 31, Ackerman and others (1960, p. 19-21) conclude on the basis of the 1957 report of the Advisory Committee on
"Weather Control that the water supply of the Western States might
eventually be increased by 15 million acre-feet per year by weather
modification. Though this quantity would not be large enough to
be a major factor in the design and operation of multiple-purpose
water projects in the West, the additional water would be the cheapest that could be obtained by any means now in sight.
The U.S. Weather Bureau's report (1960a, p. 1-26) in Committee
Print 22 concludes that weather modification "is unlikely ever to be
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a universal solution to shortage of natural water supply. It is
unlikely to be a means of relieving general -drought or providing
water artificially for converting deserts to regions with adequate
rainfall." Summarizing the whole subject in its report, the Senate
Select Committee (p. 57) points out that rainmaking efforts to date
have been most successful in coastal and mountainous regions and
that techniques used there may not be applicable to inland nonmountainous areas.
If large-scale ijainmaking in the Western States proves to be practical, but if increases in precipitation in one area prove to be offset
by decreases iii another, some States may be faced with water
shortages. Examples that comes to mind are Colorado and Wyoming,
which serve as sources of runoff to adjacent States and are committed
by compacts to Ipt'a large part of their current average runoff flow
into those other States. If rainmaking in upwind areas proved to
reduce the precipitation significantly, these States would be in a ilaost
unfortunate position. Obviously, in situations such as this there
may be a need for Federal legislation to enable satisfactory adjustment for the interstate effects of artificial changes in the natural
hydrologic regimen. On the other hand, areas in which rainmaking
might be practical are small enough that the overall effect on the
moisture content of huge air masses may be negligible, even in the
West. This is simply one of the unknowns that needs evaluating.
HYDROMETEOROLOGIC FORECASTING

Variations in natural water supply put a high premium on forecasting, as accurately as possible, how much runoff is likely to be
received in a given period, in order that plans can be made for best
use of the water. The very size of a reservoir which is to have a
given average and minimum yield is determined by analyzing past
records of precipitation, runoff, and evaporation and predicting
what is to be expected in the future. If the prediction is too optimistic and the reservoir is designed too small, it will not yield the
desired supply in dry years, and it will have relatively little value
for flood control. If the prediction is too conservative, the reservoir
will be larger and costlier than it need be; a prime example is the
San Carlos Reservoir formed by Coolidge Dam on the Gila River
in Arizona, which has never been filled to capacity (Langbein and
Hoyt, 1959, p. 228-229).
Flood forecasting, as a means of saving lives and protecting
property (U.S. Weather Bureau, 1959, p. 4-7), is another very
important activity and one whose techniques could always be refined
profitably.
Probability analysis is a principal tool in hydrologic design (Leopold, 1959). It is a method in which the precipitation or runoff in a
8713160 63 8
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given period is regarded as a random quantity which can be expected
to recur at intervals determined by means of statistical analysis. The
method indicates the statistical probability that a given amount of
precipitation or runoff may occur in any future year, but it cannot
indicate whether next year is the one in which the given amount is
to be expected. So far success has eluded those who have attempted
to predict that, from past trends, next year's precipitation will be
so much that is, to predict on the basis of trends and .cycles rather
than on the assumption of randomness. As records lengthen and
ideas develop, this situation may change, and someday it may be possible to predict next year's events more confidently than can be done
at present. That day should be hastened by means of an intensive
program of research; the task is likely to be one of the most difficult
in the whole field of hydrology (U.S. Weather Bureau, 1959, p. 36),
but the possible rewards in terms of lives and money saved and
water supplies assured are tremendous.
EFFECTS OF NUCLEAR ENERGY

Generation of electricity by nuclear plants offers no special problems, barring major accidents resulting in the release of dangerous
quantities of radioactive substances. The water requirements for
cooling are about the same as for conventional fuel-electric plants
(U.S. Atomic Energy Commission, 1959, p. 1-2). Again barring
acidents, disposal of radioactive wastes without substantial damage
to water and other resources-and to persons-can be achieved by
known techniques. (See Kobinson, 1962; LeGrand, 1962a.)
Radioactive substances and nuclear energy have been hailed as
having potentially tremendous contributions to make to the finding
and development of water. With one exception, discussed in the
last paragraph of this section, these possibilities seem to the writer
to have been greatly exaggerated. Radioactive substances have a
number of uses in hydrologic studies (U.S. Geological Survey, in
U.S. Atomic Energy Commission, 1959, p. 9-13). They can be used
as tracers to indicate direction of movement and possible sources of
water. They can be used to a limited extent to indicate the age of
water, which may be of significance in relation to occurrence and
amount of replenishment. They are useful in logging cased wells in
which ordinary electrical loggers cannot be used, and also in
determining soil-moisture content.
Even if nuclear devices were able to find water, which they are
not, finding water is a very small part of the job, and not even an
important one in comparison to the task of evaluating the quantity.
The subject is put in proper perspective by A. R. Luedecke,
General Manager of the Atomic Energy Commission (1959, p. v) :
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Nuclear energy techniques that may also be useful in water resources development are of considerable interest to the ABC and other specialized Federal
agencies, particularly the U.S. Geological Survey, directly concerned with water
resources. Although the development and application of such techniques
should be encouraged to the fullest possible extent, it is apparent that they
are tools for use by the hydrologist, geologist, and other water resource
specialists and not new methods nor avenues for water resources development.

Nuclear explosions have been suggested as a means of shattering
rocks to make aquifers out of impermeable rocks, to increase the
permeability of aquifers of low productivity, or to increase the rate
of recharge. For example, see part 23 of the hearings before the
Senate Select Committee, Washington, D.C., May 26, 1960, pages
3683-3686. In the writer's opinion the possibilities along this line
are small and relatively insignificant. To create an aquifer of really
substantial storage capacity or to increase the permeability of a
large existing one would be beyond the practical capabilities of even
nuclear explosions. Hydrologic situations in which impermeable
brittle rocks overlie highly productive aquifers and in which, also,
the natural rate of recharge of the aquifer as a whole could be
increased substantially percentagewise by shattering the impermeable
rocks are not common. There will be local applications where the
shattering effect of an explosion could be used to divert a stream into
an aquifer or to divert ground water from one outlet to another, but
in total these applications will not be significant to the water economy
of the Nation as a whole.
Developments in nuclear-energy generation conceivably could lead
to the great reduction in energy costs that will have to come at some
time in the future. Energy from the hydrogen (fusion) process used
in the H-bomb, now available only in explosive form and only when
a fallout-producing A-bomb is used for a trigger, would seem on the
basis of present knowledge to be the logical target. A controlled
fusion reaction requires that the reacting substances be confined under
temperatures and pressures hundreds or thousands of times greater
than can be withstood by any natural substance. Recent experiments
in which the containing "bottle" is 'a space confined within an intense
magnetic field have shown considerable promise, but whether or when
the "breakthrough" can be achieved in this way is unknown.
IMPROVED USE AND CONTROL OF GROUND WATER

Ground water has a very important contribution to make to the
future water economy of the Nation. Productive aquifers that are
unpumped or only lightly pumped underlie many thousands of square
miles and offer an opportunity for diverting a part of the water
supply that is free of sediment and more uniform in temperature
and chemical quality than surface water. Diversion of ground water,
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like that of surface water, depletes the total supply only to the extent
that the water is evaporated or incorporated into a product, discharged at a point beyond recovery for other uses, or made less useful
or unusable by addition of heat or contaminants. Thus, even though
development of ground water will not increase the Nation's total
supply of some 1,200 bgd, it can and will add appreciably to the
total usable supply.
At the same time, the potentialities of ground-water development
must be kept in perspective. (See p. 83-84; see also McGuinness,
1960.) There is a tendency, based in part on unfamiliarity with the
resource, to impute to ground water a degree of promise for meeting
future water needs that is not likely to be realized. Even after the
more optimistic assumptions are deflated, however, ground water
will still prove to have an important part to play.
A large part of the future increase in ground-water development
will, or at least should, result from the use of ground-water reservoirs
as media for storing surface water in time of surplus and withdrawing it in time of shortage. The aquifers of the Nation have an enormous total storage capacity, a substantial part of which, amounting to
many millions of acre-feet, would be usable for cyclic storage.
Unfortunately, a large part of the surplus storage capacity is in
Western desert basins where surface water simply is not available,
and cannot be made available except by long-distance diversion from
wetter areas. Also, recovery of the stored water is complicated -by
the presence of saline water at depth or in the inner parts of most
basins. Nevertheless, the advantage of ground storage is so great,
especially in dry areas where the water stored in the ground is relatively immune from evaporation losses, that it should be kept in mind
wherever provision of storage to achieve desired streamflow regulation is a problem. Intensive research and areal studies and much
practical experience with artificial recharge will be required before
ground-water reservoirs can be used safely and effectively as storage
media on a large scale. (See Todd, 1959; Arad, 1962; Hem, 1960;
Cullinan and Beeves, 1961; Krone and McGauhey, 1961.)
Hydrologically incorrect concepts embodied in much existing
water law, and failure to recognize ground water and surface water
as the single resource they are, will be one of the stumbling blocks
in future development of ground water and in multipurpose development of water as a whole (McGuinness, 1951b, p. 4-8). There is a
great need for hydrologists and lawyers to look into each other's
fields in order to achieve a mutual understanding that can begin to
fill the large gap that still exists between them. The work of Wells
A. Hutchins, who in recent years has been updating his classical
report (1942) on problems of water rights in the West, and the
recent action of the University of New Mexico's School of Law in
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starting a Natural Resources Journal to consider legal problems
related to natural resources, are encouraging examples of a trend in
the right direction.
RESEARCH IN ECONOMICS AND THE SOCIAL SCIENCES

Even when improved and more efficient methods of water use
and treatment are developed, users are slow to adopt them. To
understand how adoption of such methods can be promoted, research
in water management is needed, not only to guide improvements
in use but to enable predicting the impact of changes in use on
the water regimen and on water projects.
Several areas have some promise :
ECONOMIC INCENTIVES

Publicly supplied water is rather commonly a subsidized commodity; charges for water often do not fully reflect the costs of
water supply, treatment, and distribution, the deficit being made
up by taxes. If the price of water fully reflected all costs, water
rates in many if not most places would be higher, and economy in
water use would be encouraged.
Often there is not much incentive to adopt, and considerable
resistance against adopting, realistic water rates. The writer recalls
a proposal to increase the charge per unit of water after a specified
minimum quantity was used, to discourage heavy uses by individuals
in an area of extremely scarce fresh-water supplies. Though the
proposal made hydrologic sense, it ran contrary to the general
philosophy of charging less per unit the greater the quantity used,
and it was not adopted.
ALTERNATIVE USES OF WATER

As water demands grow and remaining supplies shrink, many
decisions will have to be made as to the use of water to be favored
when there is not enough water for all proposed uses. Studies are
needed to develop guidelines that could be used in making such
decisions so as to realize the greatest economic and social return
from use of limited supplies of water.
SYSTEM PLANNING

The major water project of the future is a multiple-purpose project. Better methods are needed for planning the design, construction, and operation of such projects in other words, better informed
planners using better tools. The need for high-speed computers
and, even more important, for development of systems of programming computations to avoid unnecessary effort is made evident by
the fact that comparison of all possible alternatives in allocating
water from x sources to y uses involves aP comparisons. If the number of sources and the number of different potential uses are sub-
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stantial, as they would be in large multiple-purpose projects, the
number of computations required may be fantastic unless schemes
can be developed for eliminating some unpromising types of choices
without precluding the comparison of all promising ones. Common
sense alone can eliminate a large proportion of the total, but something else is needed to enable a foolproof check of the large remaining number. One possible scheme is presented in a paper by Hall
and Buras (1961).
ECONOMIC EFFECTS OF EXISTING PROJECTS

Studies of the past and current effects of existing projects on
the local, regional, and national economy are needed in order to
develop guides for analyzing the effects of future projects. The
studies should compare the actual effects of the projects, good and
bad, economic and hydrologic, with those predicted during the planning stage. Such studies, in addition to leading to improvements in
the planning of future projects, might lead to modification of existing projects for greater efficiency or productivity for example, to
enable greater use of a reservoir, originally constructed for flood
control, for water supply or recreation.
IMPORTANCE OF INCREASED BASIC AND APPLIED RESEARCH

A greater amount of money should be spent on research, now
accounting for Federal expenditures equivalent to less than a tenth
of 1 percent per year of a total Federal investment of more than $40
billion in the water-resources field. By way of contrast, the Committee
in its report (1961a, p. 60) refers to one industry that has a total investment of about $1 billion and spends about $90 million each year
9 percent on research.
DEFICIENCIES

Fundamental research in water resources is gravely deficient in
comparison to that in fields such as health, agriculture, and defense.
To cite only a few examples, basic information is needed on the
physical chemistry and molecular structure of water and on atmospheric physics, photosynthesis, and solar radiation, in relation to movement and retention of water in porous media, hydrometeorologic
forecasting, evapotranspiration reduction, desalinization, weather
modification, and many other fields. A few of the needs related to
ground water are mentioned on pages 114-119. Some other needs,
especially those related to agriculture, are discussed by the U.S.
Department of Agriculture (1960b) in one of its reports to the
Select Committee. Others are discussed in the many excellent papers
in the Proceedings of the National Water Research Symposium,
sponsored by the National Reclamation Association and the National
Association of Soil Conservation Districts and published in 1961
as Senate Document 35 of the 87th Congress, 1st session. Additional
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needs and the problems of stimulation and coordination of research
are discussed in a report entitled "Scientific Hydrology," issued in
June 1962 by the Federal Council for Science and Technology,
which was established in 1959 by President Eisenhower.
Applied research is needed urgently in such fields as treatment of
sewage and industrial wastes, one of the most promising fields for
effecting savings in water use. Similar research is needed on agricultural and industrial uses of water.
There is a potential need for increased communication about and
coordination of water-related research in Federal and other governmental agencies, universities, and private companies and institutions,
to avoid unnecessary duplication of effort. Duplication is not a serious problem at present because the total current effort is extremely
inadequate in comparison to total needs. It could become one in the
future, however, as research effort multiplies.
PERSONNEL LIMITATIONS

Research in water has attracted less attention, and fewer wellqualified candidates, than that in such fields as electronics, aeronautics and astronautics, and nuclear energy. Unless universities
expand their training programs in hydrology and water agencies
needing researchers publicize and make more attractive the opportunities to be found in their programs, the needs are not likely to be
met. In the writer's own field of ground water, there is even now no
such thing as a college graduate who has sufficient training to begin
producing useful results immediately upon his entrance into an
agency making hydrologic studies.
COULECTION, ANALYSIS, AND INTERPRETATION OF BASIC DATA

Nearly all studies of needs related to water resources have concluded that we need more "basic data" on water, and this conclusion
is true. Yet, even now, we have large collections of data which have
not been analyzed, and the study of which would pay dividends in
making future data-collection programs more effective and economical. New analytical and computing methods are needed both to
make better use of the data and to show what kinds of data should
be collected in preference to others. Among the fields in which
much more information, and more analysis, are needed are local
and regional occurrence and quality of ground water; effects of
disposal of low-level radioactive wastes; climate-induced fluctuations in water supply; soil erosion and movement and deposition
of sediment; topographic, geologic, and soil mapping; effects of landmanagement practices; and so on. Deficiencies and needs in the field
of basic hydrologic data are the subject of a whole book by Langbein
and Hoyt (1959), entitled appropriately "Water Facts for the
Nation's Future."
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FEDERAL WATER-RESOURCES ACTIVITIES

Lack of consistency among Federal agencies in the way they
operate in the water-resources field has been charged by many
observers. The Committee believes that, on the whole, there are no
important difficulties that will not be resolved if efforts are made
by the Federal agencies to improve public understanding of water
problems, to renew emphasis on comprehensive planning, to
strengthen State and local participation in planning, and to
strengthen the research effort. The Committee points out several
fields in which additional effort may be required.
BETTER USE OF FLOOD PLAINS

Flood damage can be and in some areas has been reduced substantially by land management, reservoirs, levees and channel improvements, and flood forecasting. (See U.S. Corps of Engineers,
1960; Tennessee Valley Authority, 1959.) So long as continued encroachment on flood plains is permitted, however, the means listed
cannot be entirely effective. Inasmuch as flood control is largely a
Federal responsibility, the Federal Government could improve the
situation by insisting on State and local control of unwise encroachment, by means of zoning regulations, as a condition of approval
of a Federal project. Flood maps prepared by the Geological Survey,
such as the one for Topeka, Kans. (Edelen and others, 1959), will be
of substantial help in the devising of proper controls. The hydrologic
and hydraulic aspects of flood-plain planning are discussed by
Wiitala and others (1961).
DISPOSAL OF RADIOACTIVE MATERIALS

The Committee, though praising the efforts of the Atomic Energy
Commission to date in controlling the disposal of radioactive materials, recommends that an outside agency participate in the setting
of standards for radioactive-waste disposal, in order that public
confidence in the adequacy of the control measures may be
maintained.
CLARIFICATION OF THE FEDERAL POSITION ON WATER RIGHTS

The Committee points out the extent to which the rate at which
States and localities undertake or contribute to water-resources
developments and their contribution is the largest part of the whole
job may be adversely affected by uncertainties concerning the Federal position on water rights, especially rights to the use of water
originating on the public domain and reserved and withdrawn lands.
Such uncertainties have become widespread since 1955, when the
Supreme Court in the so-called Pelton Dam case (Federal Power
Commission v. State of Oregon, 349 U.S. 435) decided in favor of
the Federal Power Commission a case involving a license to build a
power dam on the Deschutes River. Legislation introduced in subse-
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quent Congresses and "memorials" by 19 State legislatures have
sought to bring the matter to a head. (See hearings on FederalState water rights before the Committee on Interior and Insular
Affairs, United States Senate, June 15-16, 1961.)
FURTHER STUDY AND CONTINUING APPRAISAL

The Senate Select Committee (1961a, p. 68) hopes that its efforts
"have opened the door to a new type of analysis of water resources."
It recommends two further types of study: (1) appraisal by Federal
agencies and the States of emerging water problems in the areas
where water shortages will be most acute by 1980, with a view to
finding solutions that will minimize adverse effects on the economy;
and (2) periodic reassessment of the water supply-demand relationship in the different water-resource regions, as done for the current
period in Committee Print 32 (Wollman, 1960).
IMPROVEMENTS IN BUDGETARY PROCEDURES

The Committee recommends improvements in procedures for (1)
keeping the States fully informed and up to date on plans for
Federal-project construction, in order to facilitate State action in
appropriating necessary matching funds; and (2) financing Federal
projects in advance or on a continuous basis, which would result
in substantial economies in construction and would provide a firmer
basis for required action by States and localities.
OUTDOOR RECREATION

There is a growing tendency to recognize the necessity of providing adequately for recreational interests, and for fish and wildlife, in planning multipurpose water projects (U.S. National Park
Service, 1960; U.S. Fish and Wildlife Service, 1960). Broad authority in the development of recreational facilities at flood-control reservoirs is provided in the Flood Control Act of 1944, but as of the date
of the Committee's report there was no similar provision in Federal
reclamation or watershed-development laws. The needs for adequate
provision for recreation and fish and wildlife would be demonstrated,
and the justification for such provision would be strengthened, if
criteria for realistic, and if possible quantitative, evaluation of benefits could be devised.
OTHER SUBJECTS CONSIDERED BY THE COMMITTEE
IMPROVING CONGRESSIONAL PROCEDURES AND ACTIONS

Numerous suggestions have been made that permanent committees
be set up in the Senate and House and charged with responsibility
for all legislation related to water resources. In view of the very
wide scope of such legislation, of the fact that to establish such a
committee would require modification of the Legislative Reorganization Act of 1946, and of the fact that the existing Senate Com-
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mittees on Interior and Insular Affairs and on Public Works have
operated well together in joint sessions, the Senate Select Committee believes that establishment of new committees on water would not
be justified at this time.
IMPROVING FEDERAL ADMINISTRATIVE PROCEDURES

It has been suggested that a new agency be created and made
responsible for coordination of Federal water-resources policies and
programs. The Committee would be inclined to favor fewer rather
than more Federal agencies operating in the water-resources field,
but it believes that creating an agency that merely combined all
existing water agencies would not necessarily improve the situation. In view of this possibility, and of the many conflicting interests of different segments of the public supporting the programs of
existing agencies, the Committee doubts that widespread public
support could be generated for merging any of the water-resources
agencies. It believes that existing agencies can, and should, accommodate themselves to carrying out the improvements in procedures
suggested previously under the heading "Federal water-resources
activities."
THE BOLE OF GROUND WATER

At one time ground water could be thought of as a widely
distributed and generally rather easily obtained substance whose
principal usefulness lay in meeting small-scale domestic and stock
requirements in rural areas. As scattered small towns grew up to
meet the need for transportation centers and trading posts, ground
water continued to meet the requirements for domestic supply, at
first largely through individually owned wells. Later, community
wells were drilled to replace polluted individual wells and to supply
residents of parts of the towns where ground water was hard to get.
Commercial and industrial establishments began to drill their own
wells for reasons of economy.
With each successive increase in the quantity of water expected to
be obtained from a specific well, such limitations on supply as were
imposed by local geohydrologic conditions became more apparent.
Inefficiently constructed wells and inadequate pumping machinery,
as well as geohydrologic limitations, made it difficult in many areas
to obtain supplies of hundreds of thousands of gallons per day; and
when demands reached these proportions, there was a tendency to
go to streams and lakes for needed water. These surface-water bodies
were already meeting large-scale demands for industrial cooling and
process water where sanitary quality was of no concern.
For a time, around the turn of the century and for some years
thereafter, ground water tended to fall into disfavor as a source
to meet large demands. The situation began to change as techniques
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of well construction improved to the point that a high-capacity well
in sand and gravel might be expected to last for 20 years or more,
instead of the few years that had been all too typical; and as deepwell turbine pumps were developed to replace the relative inefficient
air lift as a means of pumping hundreds of gallons per minute from
a well. The renaissance of ground-water development was assisted
by the gradual accumulation and correlation of hydrologic information by well drillers and governmental agencies.
The drought of the 1930's dried up surface sources and gave
ground-water development a potent shot in the arm. World War II
gave it another shot, as in place after place it was found possible
to obtain needed supplies of water from wells at a cost in time,
money, and critical materials less than that required for development
of a surface-water source. Since World War II the uptrend in
ground-water development has continued almost unabated, with
the observed result of a net increase of something like one-third to
one-half in ground-water withdrawal from 1950 to 1960.
Thus we have seen ground water develop from a quantitatively
minor, though critically important, source for domestic supply to
its present status as a source of something like one-fifth to one-sixth
of the Nation's withdrawal requirements, a proportion it attained
in the 1930's or 1940's and has held since. And, we can see groundwater reservoirs not only continuing to be a major source for meeting
withdrawal requirements but emerging as a medium for storing ever
larger quantities of surplus streamflow for cyclic withdrawal as a
phase of multipurpose water management. (See Conover, 1961;
Moulder, 1962.)
Certain difficulties are inherent in large-scale development of
ground water. Among them are (1) lack of knowledge both as to
principles of occurrence and movement and as to areal distribution
and availability, and the high cost of the requisite studies; (2) costs
associated with the necessity of drilling wells and pumping them
instead of collecting water by gravity flow; and (3) complexities in
management imposed by outdated or hydrologically incorrect water
laws, slowness and uncertainty of response of ground-water reservoirs
to additions and withdrawals of water, and salt-water encroachment
and other forms of potential contamination. Such difficulties combine
to make ground water the "mixed blessing" that it is (McGuinness,
1960).
But these are simply facts of life. We are not in a position to
decide that, in view of al] the difficulties, we choose not to depend
on ground-water reservoirs as a major water source and storage
medium. History and hydrologic realities have decided that we will
so depend on the ground-water reservoirs. That being true, what must
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we do to make them contribute their full share to the Nation's future
welfare ?
INFORMATIONAL NEEDS

The Geological Survey will contribute primarily to the knowledge
of hydrologic principles and occurrence and quality of water that is
prerequisite to the water management of the future. Through its
knowledge of hydrologic principles, the Survey will contribute to the
devising of workable legal frameworks and management techniques,
but the principal responsibility in those directions belongs elsewhere.
It is not practical in this report to make a full presentation of
informational needs related to ground water. The needs are formidable and will not be easily met. They are not even likely to be met
at all, at least in time to do the most good, unless they are recognized
and acknowledged widely enough to generate the public support for
the required effort on a far larger scale than has been achieved to
date. Perhaps a brief and partial summary of the needs will help
to bring the picture into focus.
Informational needs involve three general phases: collection of
current statistical data, and interpretive studies including areal
studies and pure and applied research on principles.
STATISTICAL DATA

Statistical information that must be collected currently includes,
for ground water, records of water-level fluctuations in observation
wells 4 and records of withdrawal of ground water (see Randall,
1961). Records of precipitation, evaporation, and streamflow are
among the other hydrologic data that must be collected currently.
For a comprehensive discussion, see the book "Water Facts for the
Nation's Future," by W. G. Langbein and W. G. Hoyt (1959).
AREAL STUDIES

To date perhaps one-fourth to one-third of the Nation has been
covered by ground-water studies of what has been called "reconnaissance" or "areal" scope. A typical study covers a county or alluvial
basin, or 2 or 3 adjacent counties or basins, and involves perhaps
1 to 10 man-years of effort. A geologic map of suitable scale, preferably on a topographic base, is an essential part of the study; and if
such a map does not exist, it must be prepared as a part of the study.
The resulting report describes the geography, geology, and climate
of the study area; the water-bearing rocks and the occurrence and
* See annual reports published as water-supply papers of the U.S. Geological Survey,
beginning with No. 777 for 1935 and ending with Nos. 1404-1409 fur 1955, and reports
for 1- to 5-year periods published thereafter: No. 1456 for the north-central States for
1956, No. 1537 for the northeastern States for 1956-57, No. 1538 (in press) for the
southeastern States for 1956-58, and No. 1549 (publication pending) for the south-central
States for 1956-59. Reports for the northwestern and southwestern States for 1956-60
are in preparation. Subsequent reports will be prepared for 5-year periods for each of
the six regions.
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quality of water in them; the general availability of water in different
parts of the area and the current uses of water; and special problems
and needs for further studies. To the extent permitted by existing
information on precipitation and streamflow and by information on
the quantitative hydrologic properties of the aquifers gathered in the
few pumping tests that might have been made, the report may
attempt to set up a simple hydrologic budget of intake and disposal
of water, as a general guide to water availability. On the whole,
however, the studies are qualitative rather than quantitative in scope.
A study of this kind is prerequisite to any more intensive study
that might be made necessary by increasing 'ground-water withdrawals. Thus, such studies should be completed for the entire country
as soon as possible, to serve as a guide for economical development
of the small quantities of ground water needed in a rural economy
and to form a foundation for future more intensive studies in areas
of greater development.
Intensive areal studies adequate in scope to serve as a basis for
solving problems of depletion or contamination of ground water
and for general predictions of future availability of water have been
completed for only a few percent of the country's area. Examples
of areas covered by such studies to date include southeastern Florida
(Parker and others, 1955), southwestern Louisiana (Jones and others,
1956), the Houston area in Texas (various reports cited in the Texas
section), and the coastal plain of Los Angeles and Orange Counties,
Calif. (Torrance-Santa Monica area, Poland and others, 1959; Long
Beach-Santa Ana area, Piper and others, 1953; Poland and others,
1956; Poland, 1959).
RESEARCH

Needed interpretive studies can be divided on paper into areal
studies and research, but they cannot be so divided in fact. The
bulk of what is known about the principles of occurrence and movement of ground water in the United States has come to light as a
result of areal studies. In a particular areal study, it might be
found that the answer to the basic question where is ground water
available, how much, and under what conditions could not be
obtained except by means of a fundamental study of some principle
that had never been elucidated before. The late O. E. Meinzer, of
the U.S. Geological Survey, who conceived or authorized many of
the fundamental studies made as part of areal investigations, used
to refer to them as "surreptitious research." Fortunately, the cooperating officials understood the needs and approved the expenditures
of cooperative funds, the result being the emergence of some idea
which not only helped to meet the local need but became available
for use in other areas all over the country and the world. For example,
the pumping-test methods of determining permeability described by

114

ROLE OF GROUND WATER IN NATIONAL WATER SITUATION

Wenzel (1942) were developed largely as a result of needs that arose
in a study of ground water in the Platte Kiver valley in south-central
Nebraska (Lugn and Wenzel, 1938).
The methods described by Wenzel have been refined in areal studies
made all over the country. Many of the refinements have been
described by J. G. Ferns, of the Geological Survey, who himself
was responsible for no small part of them, in lectures given at short
courses held for ground-water hydrologists of the Survey and cooperating agencies. Notes on the theory of aquifer tests, as described
in the lectures, were compiled by D. B. Knowles and have recently
been published (Ferris and others, 1962). Examples of aquifer
tests illustrating the various principles of ground-water hydraulics
have been compiled by S. M. Lang and are now in manuscript stage.
Other techniques developed through the years are described in short
papers compiled for publication in two volumes by Kay Bentall
(publication pending). Many new techniques and refinements have
been described in scientific journals also, especially in such journals
as the Transactions of the American Geophysical Union and its
successor the Journal of Geophysical Research.
The research untertaken as a phase for areal studies, useful as it
has been and is, cannot help being somewhat circumscribed. In
recent years the need, long recognized by hydrologists, for research
that cannot practicably be made a part of areal studies has been
recognized on a modest and gradually increasing scale by those
responsible for appropriating and allotting funds for ground-water
work. Thus, both inside and outside the Government, there is now
a substantial effort in pure and applied research not tied to areal
studies. The following partial list of projects currently underway
in the Geological Survey gives an idea of the bewildering variety of
subjects that the modern hydrologist must tackle as a part of meeting
the seemingly rather simple objective of determining ground-water
availability and usability. A few representative reports are cited.
THE TJNSATTJRATED ZONE

Unsaturated flow in porous media the key to the mechanism of
ground-water recharge, now inadequately understood. Involves
laboratory studies to develop a theoretical concept of flow in the
unsaturated zone both at constant temperature and under different
thermal and electrical gradients. (See Smith, 1961, gravity
drainage.)
Multiphase flow the mechanism of flow of fluids in different states,
such as water and air, water and oil, light fresh water and dense
salt water. (See Stallman, publication pending; Remson and
Randolph, 1962.)
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Analog modeling of unsaturated flow to determine whether there is
a part of the zone of saturation from which water cannot escape
upward by evapotranspiration, factors controlling rate of fluid
movement and percentage of pore spaces occupied by fluids,
thickness of liquid film on grains, and vapor density gradient.
Theory of unsaturated flow in systems of variable permeability and
rate of flow; development of mathematical expressions for use
by field investigators.
THE SATUBATED ZONE

Mechanics of diffusion of salt water and fresh water, to clarify fresh
water-salt water relations in coastal areas where flow is cyclic
because of tides and where the density of the fluids varies. (See
Cooper, 1959; Glover, 1959; Lusczynski, 1961.)
Transient flow in saturated porous media the application of Darcy's
law for transient (nonsteady) flow in relation to the validity of the
current definition of the coefficient of storage, one of two hydraulic
properties (the other is the coefficient of transmissibility) that
must be determined to enable predictions of ground-water yield.5
Liquid movement in clays analysis of the factors, other than
hydraulic gradient and liquid viscosity and density, that determine
flow of water in clay: electrical potential, composition and ionic
concentration of the pore fluid, composition and properties of the
mineral particles, and temperature.
Analog modeling of transit flow in leaky artesian aquifers, to
determine how much mathematical and hydrologic idealization is
permissible in various specific field situations. (See Skibitzke,
1960a.)
Mechanics of fluid flow in porous media model studies of natural
and artificial media using dyes and radioactive tracers, to show
three-dimensional patterns of movement and enable deriving mathematical expressions of flow and to clarify the processes of diffusion, dispersion, and adsorption. (See Skibitzke, 1960b. See also
Simpson, 1962.)
Effects of heterogeneity model study of artificial sandstone to determine whether the effects of heterogeneity (such as result from
depositional processes) can be measured and expressed in meaningful quantitative terms.
5 The coefficient of transmissibility (T) is defined as the rate of flow of water, in
gallons per day, at the prevailing temperature, through a vertical strip of the aquifer
1 foot wide extending the full saturated height of the aquifer under a hydraulic gradient
of 100 percent. It can be expressed also in terms of a mile width of the aquifer and a
hydraulic gradient of 1 foot per mile. The coefficient of storage (8) of an aquifer
is defined as the volume of water it releases from or takes into storage per unit surface
area of the aquifer per unit change in the component of head normal to that surface.
The coefficient can be expressed in terms of the fraction of a cubic foot of water that
is released from storage in a vertical column of the aquifer having a base of 1 square
foot when the head declines 1 foot (or added to storage when the head rises 1 foot)
(Ferris and others, 1962, p. 72-74).
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Geophysical methods studies of deep movement of contaminants
by the electrical-resistivity method.
MECHANICS OF RESERVOIRS AND PROPERTIES OF POROUS MEDIA

Origin of salty ground water study of occurrence of salt water in
coastal areas in relation to geologic history, especially fluctuations
of sea level, which have caused seemingly abnormal distribution
and head of salt-water bodies in some areas. Eesearch has been
done recently in the Netherlands, site of the classical studies of
W. Badon Ghyben (Brown, 1925, p. 16), and in Long Island
(Perlmutter and Geraghty, 1962; see also Upson and Spencer,
1961).
Petrofabrics an attempt to express, in usable quantitative terms,
the relation of grain orientation in sedimentary rocks to the spatial
distribution and directional properties of permeability, a critical
factor in devising usable analog models to show the response of
aquifer systems to external forces.
Propagation of seismic waves in porous media observation of small
pressure fluctuations in wells caused by seismic disturbances, and
analysis of the data in terms of regional elasticity of aquifer systems, a part of the complex problem of ascertaining the true nature of the coefficient of storage.
Mechanics of aquifers principles of compaction and deformation
in relation to water supply of such critical areas as the San Joaquin
Valley, Calif. (See Poland, 1960.)
Geohydrologic environmental study a study of the Sparta Sand of
Louisiana with regard to vertical and lateral variation in lithology
and to pattern and environment of deposition. Like the study of
petrofabrics listed previously, this study is intended to provide
means for practical quantitative description of aquifer characteristics that will enable more economical model studies of aquifersystem response.
CHEMICAL GEOHTDROLOGT

Spatial distribution of chemical constituents in water use of the
Atlantic Coastal Plain as a "field laboratory" for regional studies
of the relation of hydrologic and mineralogical factors to the
chemical character of ground water. The study will help define
regional flow patterns and enable use of ordinary chemical analyses to show the state of chemical equilibrium between water
and its environment factors critical to determination of recharge
and movement of ground water and of movement and disposal
of radioactive and other contaminants. (See Back, 1960; see also
LeGrand, 1962a.)
Use of tritium in hydrologic studies study of the usefulness of
tritium in tracing ground-water movement and dating periods of
replenishment. (See Carlston and others, 1960.)
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Mineral constituents in ground water study of development of the
chemical character of ground water in monolithologic terranes,
such as granite, basalt, and carbonate rocks, as a step in understanding the geochemistry of more complex rocks. (See Miller,
1961.)
GEOLOGIC

TERRANES

Hydrology of the Columbia River Basalt relation of texture and
structure of basaltic rocks (principal aquifers in Columbia Plateau
ground-water region) to runoff, weathering and erosion, infiltration, and occurrence, movement, and quality of ground water.
(See Newcomb, 1961b.)
Hydrology of limestone terranes study of principles governing the
lithology and genesis, patterns of porosity, geometry of openings,
and regional structure of carbonate rocks, which are important
aquifers in many parts of the United States and hydrologically
are exceedingly complex. (See LaMoreaux and Powell, 1960.)
Hydrology of permafrost terranes study of principles of occurrence
and recovery of water in the permafrost areas of Alaska, understood only in part through older studies such as those described
by Cederstrom and others (1953) and Hopkins and others (1955).
ANALOG MODELS

Analog models are mentioned in several of the studies listed
previously. They deserve a little more discussion here. (See Robinove, publication pending; Stallman, 1961, 1962a, b.)
The significant ground-water study of the future is that of the
response of aquifer systems ground-water reservoirs and related
rocks, and hydrologically connected bodies of surface water to
various phases of water-resource development. These phases include, among others, (1) natural replenishment and discharge; (2)
artificial recharge through wells, basins, and spreading grounds and
induced infiltration from streams; (3) artificial withdrawal from
wells and surface-water bodies; (4) effects of land-management
practices and of changes in hydrologic regimen such as those associated with urban growth; and (5) variations in precipitation, runoff, and evapotranspiration.
Methods of determining and predicting the effects of withdrawal
and recharge based on tests of wells the so-called aquifer-test methods as described by Theis (1935), Wenzel (1942), Ferris and
others (1962), and many others have been extremely useful and
are an essential tool in future studies. These methods are limited
in usefulness, however, by the failure of aquifers to conform to the
idealized assumptions of extent, uniformity, and boundary conditions that are implicit in the aquifer-test formulas. When an at67131610 63
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tempt is made to describe regional hydrology, the complications
introduced by variations in permeability and transmissibility, storage coefficient, and boundary conditions soon make analysis by
mathematical methods impossibly cumbersome. The best answer to
this situation appears to be the analog model a model of an aquifer
system set up so as to simulate the hydrologic properties and
boundary conditions that govern the response of the system to water
management.
The most useful type of analog model appears to be the electrical
model, based on the analogy between the flow of ground water and
the flow of electricity. Such a model is built to the regional shape of
the aquifer system. Permeability is simulated by electrical conductance (by means of resistors). The storage coefficient is simulated by electrical capacitance (by means of capacitors, or condensers). Kecharge boundaries, such as a stream from which water
infiltrates or can be made to infiltrate, are simulated by electrical
conductors; discharge boundaries, such as a stream that receives
ground-water discharge instead of contributing recharge, are simulated in the same way. Hydrologic barriers, or boundaries of zero
flow, such as a wall of impermeable bedrock, are simulated simply
by cutting off the model along the position of the barrier. A barrier
formed by rock of low, but not zero, permeability is simulated by
extending the model but making the resistance high (conductance
low) in proportion to the transmissibility of the barrier rock. Variations in permeability within the productive aquifers are simulated
in the same way by variations in the values of resistance chosen, and
variations in storage coefficient by variations in the values of capacitance.
The movement of water in the aquifer system is simulated by
electrical flow. Current is introduced at points and at rates (so far
as known) that conform to the places and rates at which water
enters the system in nature. Discharge is simulated by drawing off
current at places and at rates conforming to field conditions. When
there is to be a change, such as caused by drilling and pumping a
new well simulated by tapping the model at the appropriate place
and drawing off the proper amount of current the entire system
is affected, and the rate and amount of effect at any other place
on the model can be observed by measuring' the changes in voltage
and current that occur at that place.
Obviously, the model is only as good as the information used in
constructing it. The only model that would be completely satisfactory would be very large and would duplicate electrically all the
minute variations in hydrologic properties that exist in nature.
Models that are satisfactory for planning purposes, however, need
be only large, and detailed, enough to show variations that are
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hydrologically and economically significant to proposed water-management operations. Even so, few such models could be constructed
today on the basis of existing information. For example, to simulate
with reasonable accuracy the transmissibility and storage properties of the valley fill of a typical Western basin of a few thousand
square miles would require good information from well logs and
pumping tests at several dozen to several hundred sites scattered
over the basin. In most basins, sufficiently reliable information is
available for only a few sites, or none at all. The same deficiencies
exist in all the,other types of information needed for an adequate
model. And, even after all the requisite hydrologic information has
been obtained, uncertainties are introduced by our inability to predict accurately the pattern of future development and the effect on
that pattern of existing and future legal and economic situations.
CONCLUSION

The deficiencies in existing hydrologic information and the difficulties involved in remedying those deficiencies could be discussed
at greater length, but to do so is beyond the scope of this report.
From what has been said, three principal thoughts emerge:
1. Ground-water reservoirs have an important and indispensable
part to play in securing the Nation's future water supply.
2. Existing knowledge is grossly inadequate to form a basis for
effective development and management of the ground-water reservoirs as parts of hydrologic systems.
3. The Nation must get to work, soon and on a larger scale than
heretofore, to overcome informational inadequacies in groundwater hydrology and all other phases of the hydrologic cycle, as
well as in techniques of planning and water management. The
price for not doing so is eventual stagnation of the economy as
water demands outrun water supplies that can be developed economically on the basis of present knowledge.
Nevertheless, in spite of the seriousness of present and potential
problems and of the large gaps in knowledge of all kinds required
to solve them, there is room for guarded optimism about the national
water situation. The widespread droughts of the middle 1950's, and
the gradual worsening of problems in water-short areas whether or
not they were hit by those droughts, have been followed by a large
almost spectacular acceleration in the activity of the States related
to water-resources investigation, planning, and management. This
activity is apparent in the recent planning-type reports and legislation mentioned in the individual State sections, and those mentioned are by no means a complete list. If the current awareness
of the need for action persists and is made concrete in the form of
ever more specific proposals and authorizations for water-resources
study and planning, the Nation will find its large and only partly
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evaluated and developed water resources continuing to contribute
to its prosperity and well-being.
THE WATER SITUATION IN THE STATES AND
OTHER AREAS

The following sections describe the water situation in the 50
States and in Puerto Eico and the Virgin Islands. Brief sections on
the District of Columbia, Guam, and Samoa are included also. Except that the Virgin Islands are described along with Puerto Kico,
the sections are in alphabetical order.
Although the emphasis is on ground water, the sections describe
the general availability of water as expressed by precipitation and
runoff. They give data on the use of surface water as well as that
of ground water, and they mention the principal water-related
problems whether those problems involve surface water or ground
water or both. In short, each section gives an overall view (though
nowhere a wholly complete view) of the water situation, but with
emphasis on ground water.
The organization, and more especially the content, of the sections
differ considerably from State to State. Each section reflects the
current water situation, the state of knowledge about the situation,
and the extent to which the information has been organized and
made available. The sections are based on published and open-file
reports and unpublished data. The sections, and the hydrologic
reports and data on which they are based, owe a great deal to the
extensive background of geologic literature that exists in most
States, much of it a product of the activities of the State and
Federal geological surveys during the past half century or more.
The sections on the States and other areas are documented as
thoroughly as possible by references to published and open-file
reports, in order that the reader can follow up a particular subject
if he desires. Only a few strictly geologic reports are cited specifically, but all the ground-water reports cited are based to an important degree on previous geologic studies.
Much of the information on water problems and future plans
was obtained from the presentations of the States included in
Committee Print 6 of the Senate Select Committee on National
Water Eesources (State Officials, 1960) and from reports of the
problem-survey and planning type prepared by State agencies.
Additional information on many States was supplied in the comments of the cooperating officials who reviewed the individual
sections in draft form.
The States were written up in alphabetical order as a means of
insuring a fresh viewpoint as each new section was started; it was
felt that attempting to write in succession the sections on groups of
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adjacent States, such as the Southeastern States or the New England
States, because of similarities in geography, hydrology, and water
problems might tend to produce a stereotyped treatment.
Nevertheless, most of the sections, especially the later ones, tend
to fall into a general pattern, approximately as follows: First there
is a summary in telegraphic style. Then follows a general description of location, geology, precipitation and runoff, and water use, and
perhaps a very brief statement of problems. Then comes a description
of ground-water studies including citations of the principal reports
on ground water and related subjects. Next are descriptions, separate or consolidated, of ground-water resources, development, and
problems. Finally there is a discussion headed "Problems, Prospects, and Needs," or just "Prospects and Needs" if the problems
have already been described.
Most of the reports and papers referred to are listed in "References cited" at the end of the report. Some are described in text or
listed in tables in enough detail to permit the reader to identify them
if he should want to consult them, and these are not given in
"References cited" because to include them would serve no purpose.
For these the complete authorship, with initials, is given in the
text or.table. Reports cited only by surname are listed in "References cited." Reports having 1 or 2 principal authors are cited in
text as "Smith (I960)" or "Smith and Jones (I960)." Those having three or more principal authors are cited in text as "Smith and
others (I960)," but the full authorship is given in "References
cited."
Statements about precipitation are based on the Weather Bureau
map included as plate 2 (U.S. Dept. Agriculture, 1959b, fig. 8), on
a map issued by the U.S. Weather Bureau in 1960 (listed under
"References cited") showing average precipitation in the several
"climatic divisions" into which each State has been divided, on information supplied in the writeups of the district and subdistrict
offices of the Ground Water Branch, and on information supplied
by the States in their presentation to the Senate Select Committee
(State Officials, 1960) or in comments on drafts of the State sections
submitted for review.
Streamflow data were obtained mostly from a report submitted
by the U.S. Geological Survey (1960b) to the Select Committee.
The periods of years for which average figures for streamflow are
given refer to water years (October 1 of the preceding year to September 30 of the year indicated) rather than to calendar years. For
example, an average flow of 330 mgd observed' in a given stream at
a given station during 1927-55 is the average for the period October
1, 1926, to September 30, 1955.

122

ROLE OF GROUND WATER IN NATIONAL WATER SITUATION

In most reports on streamflow the location name of a gaging
station is preceded by "at" or "near," according to the distance of
the gaging station from the geographic point of reference thus,
for two streams in the Santa Maria Valley area, California, Santa
Maria River at Guadalupe, and La Brea Creek near Sisquoc. In the
cited report from which most of the streamflow data given in this
report were taken, the gaging stations are listed in tabular form
simply by name, and in this report the preposition "at" is used
unless specific information happened to be at hand indicating that
"near" was correct. A station whose location name is not followed
by a State name is in the State being discussed; names of stations
in adjacent States are followed by the State name.
Data on water use in 1960 are taken mostly from the 1960 summary by MacKichan and Kammerer (1961b) but in part from other
sources, not all credited specifically. Where total water withdrawals
are given for a State, the figures do not include conveyance losses,
which are given separately. The term "conveyance loss" is used only
for States in which irrigation is substantial. The term refers to
water that is actually withdrawn from a source (generally a surfacewater source) but is "lost" before it reaches the irrigated fields.
Some of the water evaporates from canals or is transpired by vegetation along the canals. The rest seeps away from the canals and
may or may not be recoverable; some of it is evaporated and
transpired from waterlogged areas or other areas of shallow water
table, and some of it eventually reaches other surface-water bodies
or enters aquifers from which it is at least theoretically recoverable.
Figures for total withdrawal use in the United States given in the
general part of the report (for example, 270 bgd for I960) do include conveyance losses, which totaled about 23 bgd in 1960.
Data on industrial use generally are broken down to show how
much water was withdrawn for fuel-electric power generation and
how much for other uses. '"Fuel-electric" power is almost synonymous with "steam" power, but it includes power produced directly
by engine-driven generators as well as power generated by means
of steam.
Figures on water use taken from MacKichan and Kammerer
are given to 2 significant figures; those taken from other sources
may be quoted directly but generally are rounded to no more than
3 significant figures.
The figures for total use in the United States include use in
Alaska, Hawaii, and Puerto Rico and the Virgin Islands, but as
the uses in these parts of the United States are small in comparison to uses in the conterminous States (totaling only about 3 bgd
in 1960), the United States totals as rounded to 2 significant figures
can be taken to apply to the conterminous States only, as consid-
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ered in the predictions of the Senate Select Committee on National
Water Resources.
Statements about the productivity of wells and of aquifers are
necessarily generalized in most of the sections, reflecting the lack
of detailed information that would enable giving specific figures.
In a very general way, as applied to the yields of wells, "small"
means a few gallons to a few tens of gallons per minute, "moderate"
means from a few tens to a few hundreds of gallons per minute,
and "large" generally means 500 gpm or more.
The word "exploit" is used in''its noninvidious sense of "develop,"
mainly as a substitute for "develop" which inevitably is overused in
the report.
The writeups submitted by the district and subdistrict offices
generally reflect conditions as of 1 late 1960. Most situations as described had not changed materially by 1961, when the bulk of the
report was written, and terms such as "at present" and "now" can
be taken to refer to 1961 unless another year is specified. In a few
places a little information is included that reflects developments as
late as the middle of 1962.
The bibliographic citations include reports published, sent to the
printer, or approved for publication or release to open files as late
as June 1962.
ALABAMA

Large and generally ample supplies of water of good quality from both
streams and ground-water sources. Substantial and rapidly growing use of
water for industrial and municipal supply; supplemental irrigation also growing. Precipitation above 50 inches nearly throughout the State; is about 65
inches in southwestern two counties; averages about 53 inches. Runoff
between 20 and 30 inches in north, between 15 and 20 inches in central part,
and 20 to 30 inches or more in south; averages about 19 to 21 inches for total
of 47 to 51 bgd. State receives about 24 bgd from Tennessee in Tennessee River
near northeast corner and discharges 33 bgd or more at Alabama-Mississippi
junction. Receives about 4.5 bgd each from Mississippi in Tombigbee River and
Georgia in Coosa River; Chattahoochee River forms southern part of AlabamaGeorgia border.
Withdrawal use of fresh water in 1960 about 4.2 bdg, 150 mgd surface
water and 84 mgd ground water for public supply, 13 and 50 mgd for rural
supply, 3,800 and 80 mgd for industry including 3,000 mgd surface water and
1 mgd ground water for public-utility fuel-electric power, and 9.8 and 2.4 mgd
for irrigation. About 140 mgd saline surface water used for fuel-electric
power. Hydropower use about 120 bgd.
Stream pollution is perhaps greatest of water problems which on the whole
are not critical when considered in relation to generally favorable situation;
is under active attack. Droughts of middle. 1950's emphasized need for hydrologic information and for planning to meet rapidly growing needs. State has
progressive attitude toward meeting these needs; general situation promising.

Alabama (51,609 square miles) has large total water resources and
few critical water problems at present. The southwestern three-fifths
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of the State is in the Coastal Plain Province of the Atlantic Plain
physiographic division (Fenneman and others, 1946). The northeastern two-fifths is largely in the Piedmont, Valley and Ridge,
and Appalachian Plateaus provinces of the Appalachian Highlands
division, but the northwesternmost few counties are in the Interior
Low Plateaus province of the Central Lowland division. The Piedmont and Valley and Ridge provinces in the State correspond to the
southwest end of the Unglaciated Appalachian ground-water
region of Thomas (1952a), and the Appalachian Plateaus and Interior Low Plateaus provinces correspond to the south end of the
eastern segment of the Unglaciated Central ground-water region.
According to Rice and others (1945, pi. 1), the precipitation
ranges from about 47 to about 68 inches and averages about 53
inches. According to a Weather Bureau description of 1959 it is
least, 47.35 inches, at the Pushmataha station and greatest, 67.57
inches, at the Mobile Airport station. The average by divisions is
least, 50.72 inches, in the Prairie division, a belt running across the
middle of the State from Sumter to Macon and Bullock Counties,
and it is 50.89 inches in the seven counties of the northwest and
north center. It is greatest, 65.00 inches, in the Gulf division, the two
counties of the southwestern projection.
The runoff is more than 15 inches, but less than 20, in the middle
of the State, is more than 20 inches in the northern part and more
than 30 in the southernmost, and averages about 21 inches according
to measurements made from the runoff contours reproduced in plate
1, for a total of about 51 bgd. Records for 1930-60 at four index
stations (Conecuh River at Brantley, 18.9 inches; Cahaba River at
Centreville, 20.4 inches; Alabama River at Claiborne, 22,000 square
miles, 19.2 inches; Tombigbee River near Leroy, 19,100 square miles,
18.5 inches) suggest a slightly lower statewide average, about 19
inches (L. E. Carroon, U.S. Geol. Survey, written communication,
1961); this would give a total of about 47 bgd. (See also Rice and
others, 1945; Alabama Business Research Council, 1960, p. 10-13.)
Alabama receives about 24 bgd from Tennessee in the Tennessee
River, a little west of the northeast corner of Alabama (as measured
at Chattanooga, Tenn., in 1894-1957; U.S. Geol. Survey, 1960b, p.
4-5). The flow, increased by tributary inflow from both Tennessee
and Alabama, is about 33 bgd at Florence, Ala. (1894-1957), about
25 miles upstream from where the river reaches the Mississippi border
and flows along it for about 10 or 12 miles before reentering Tennessee. Alabama receives from Mississippi in the Tombigbee River
an amount between the 3.9 bgd measured in 1900-04, 1905-12, and
1928-57 at Columbus, Miss., and the 5.1 bgd measured in 1939-57
at Cochrane, Ala. probably about 4.5 bgd. It receives from Georgia
in the Coosa River an amount between the 3.9 bgd measured in
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1928-3i and 1937-57 at Rome, Ga., and the 5.2 bgd measured in
1937-57 at Leesburg, Ala. again, probably about 4.5 bgd. The
Chattahoochee River forms the southern part of the AlabamaGeorgia line, increasing in flow from about 3.6 bgd at West Point,
Ga. (1896-1910, 1912-57), to about 6.8 bgd at Columbia, Ala. (192857), not far above the Florida line.
Thus, in its own runoff and that received from outside or flowing in
boundary streams, Alabama has a very large surface-water supply,
a fact reflected in water use.
Rocks as old as Precambrian crop out in the Piedmont and as
old as early Paleozoic in the Valley and Ridge province. Those in
the Piedmont generally are low in permeability but locally are
rather permeable. The folded rocks of the Valley and Ridge province
include some permeable limestone and dolomite; the relatively flat
lying strata of Mississippian and Pennsylvanian age in the Appalachian Plateaus and Interior Low Plateaus to the northwest include
some fairly productive sandstone aquifers.
From roughly the northwest corner of Alabama the dissected
inner edge of the Coastal Plain forms a great arc swinging southward
and then eastward past Tuscaloosa and north of Montgomery to
enter Georgia about at Columbus (across the Chattahoochee River
from Phenix City, Ala.). Westward-, south westward-, and southward-dipping Coastal Plain strata of clay, silt, sand, gravel, marl,
and limestone form a wedge which overlies the Paleozoic and Precambrian rocks and reaches a maximum thickness of perhaps 20,000
feet or more at the southwest corner of the State. The Coastal Plain
strata contain many different aquifers, principally sand and gravel,
and each yields fresh water for some distance down the dip to where
the water becomes saline. The maximum depth to which fresh water
extends at a given point generally exceeds 1,000 feet, and it is more
than 2,000 feet in places.
Water use is substantial and growing. According to various sources
the total withdrawal use in 1960 was between 4 and 5 bgd. MacKichan and Kammerer (1961b) show a total of 4.2 bgd of fresh
water, made up as follows; public supply, 150 mgd of surface water
and 84 mgd of ground water; rural supply, 13 and 50 mgd; industry,
810 and 79 mgd for uses other than power generation and 3,000 and
1 mgd for public-utility fuel-electric power; and irrigation, 9.8 and
2.4 mgd. In addition to the fresh water, about 140 mgd of saline
surface water was used for fuel-electric power. Hydropower use, a
"nonwithdrawal" use, was about 120 bgd, equivalent to more than
twice the total runoff generated within the State, and Alabama was
tied with Idaho for fifth place among the States in this use.
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Public-supply and industrial uses have been increasing rapidly and
are expected to continue to accelerate. Irrigation use is still small but
is growing.
GROUND-WATER STUDIES

Ground-water studies in Alabama have been made largely in cooperation with the Geological Survey of Alabama. An early report
by Eugene Alien Smith (1907), then State geologist, summarizes the
information on geology and ground water in Alabama available as
of the time of the report. A report by Adams and others (1926)
describes the geology of Alabama in more detail. A report by Johnston (1933) describes ground water in the area where Paleozoic rocks
crop out. Later reports are cited in the following sections.
GROUND-WATER RESOURCES

The Coastal Plain is the most productive as well as the largest
ground-water area (Smith, 1907; Carlston, 1944; Carter and others,
1949). Southward-dipping beds of sand and gravel and of porous
limestone interbedded with chalk, marl, and clay yield supplies
ranging from a few gallons per minute to 1,000 gpm and locally
more. Yields of 500 gpm are common. Coastal Plain strata at
depths of more than a few tens of feet contain artesian water, and
flowing wells are found in the valleys of the larger streams, especially
in the southern part of the State. Alluvium and terrace deposits
along the same streams are potential sources of moderate to large
supplies of nonartesian water. The quality of the water is generally
good but there are local areas of high chloride content, including
an area around Mobile Bay where salt-water encroachment has
occurred (Peterson, 1947; Robinson and others, 1956), and areas of
high fluoride content (Carlston, 1942; LaMoreaux, 1948, 1957) or
nitrate content (LaMoreaux, 1952). In a strip along the northeast
edge of the Coastal Plain the iron content of the water is high. The
only poorly productive area is in west-central Alabama (pi. 1), where
the underlying strata of early Tertiary age are of generally low
permeability, yields are low, and the water is generally of poor
quality.
Ground-water conditions in the Piedmont (Baker, 1957) are typical for that province; well yields are small but generally reliable and
are adequate for domestic and small municipal and industrial uses.
Most wells yield 10 gpm or less but a few have yielded 50 gpm or
more. The crystalline rocks include marble, which at Sylacauga
yielded 900 gpm each to two municipal wells.
The remaining, or "Paleozoic," area (Johnston, 1933; LaMoreaux,
1949) includes parts of the Valley and Ridge, Appalachian Plateaus,
and Interior Low Plateaus provinces. It is moderately productive.
The strata include water-bearing limestone and dolomite ("carbon-
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ate rocks"), chert, and sandstone. The carbonate rocks locally yield
more than 1,000 gpm to single wells, and yields of more than 200
gpm are common. Springs yield supplies ranging from a few hundred gallons to tens of millions of gallons per day. Because the
cavernous or shattered zones in the rocks that yield water abundantly
are scattered, yields are somewhat erratic (LaMoreaux and Powell,
1960). The sandstone aquifers are more consistent in their yield but
are less productive on the average. Yields from sandstone range
from a few gallons per minute to about 250 gpm, and yields of 50
gpm or more are common.
In addition to the more general reports cited above, at least
interim reports have been completed to date on the following specific
counties or areas:
Coastal Plain: Autauga County (Scott, 1960b); Bullock County
(Scott, 1962); Choctaw County (Toulmin and others, 1951); Colbert
County (see Paleozoic area); Escambia County (Cagle and Floyd,
1957); the Russellville area in Franklin County (Peace, 1962);
Lowndes County (Scott, 1957); Macon County (Scott, 1960a);
Marengo County (Sutcliffe and Newton, 1957; Newton and others,
1961); the Mobile area in Mobile County (Peterson, 1947; Robinson
and others, 1956); the Monroeville area in Monroe County (Ivey,
1957); the Montgomery area and the rest of Montgomery County
(Powell and others, 1957; Knowles and others, publication pending) ;
Tuscaloosa County, including the northeastern third in the Paleozoic
area (Miller and Causey, 1958; Paulson and others, 1962); and
Wilcox County (LaMoreaux and others, 1957; Lamoreaux and Toulmin, 1959).
Paleozoic area: Calhoun County, including a strip in the Piedmont
along the southeast (Warman and others, 1960; Warman and Causey,
1962); Colbert County, including the southwestern half in the
Coastal Plain (Harris and others, 1960, 1962) ; a report on springs
in Colbert and Lauderdale Counties (Harris, 1957) ; Etowah County
(Causey, 1961) ; the Birmingham area in Jefferson County (Robinson and others, 1953), including studies related to mining-hydrology
problems (Simpson, 1955, 1959); Lauderdale County (Harris and
others, 1962); Limestone County (reconnaissance of county,
McMaster and Harris, 1962; Athens area, McMaster, 1962); the
Huntsville area in Madison County (LaMoreaux and others, 1950;
Sanford, 1957; LaMoreaux and Powell, 1960), and Madison County
as a whole (Malmberg and Downing, 1957) ; and Morgan County
(Dodson and Harris, 1961).
GROUND-WATER DEVELOPMENT

The total withdrawal use of water in Alabama in 1960 was estimated at 4 to 5 bgd. The bulk of this was surface water used for
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industrial purposes, especially cooling and fuel-electric power.
According to P. E. LaMoreaux and W. J. Powell of the U.S.
Geological Survey (unpublished data), ground-water use not
including water wasted from flowing wells was about 183 mgd,
including 84 mgd for public supply, 75 mgd for self-supplied industrial uses, 22 mgd for rural domestic supply, and very roughly 2.4
mgd for irrigation. The importance of ground water is not indicated
by its small proportion of the total. Nearly all rural domestic
supplies come from wells and springs. Ground water is used for the
public supply of 121 of 123 municipalities in the Coastal Plain, the
exceptions being Mobile and Tuscaloosa, and for 98 municipalities
in the Paleozoic area and 14 in the Piedmont. It is used for industrial purposes throughout the Coastal Plain and the Paleozoic area
and for many small industries in the Piedmont. It is of growing
importance for irrigation, though surface water is still the chief
source. Among its chief virtues is its availability in moderate to
large quantities in nearly the whole State, whereas surface water
is available only along streams.
PROBLEMS

Ground-water levels have declined in some areas of heavy pumping
for public or industrial use. The outstanding example is Montgomery,
where a new city well field had to be developed outside the area of
heavy pumping (Powell and others, 1957; Knowles and others,
publication pending).
Salt-water encroachment occurred at Mobile in response to heavy
pumping for air conditioning in the business district during 1941-45
(Peterson, 1947; Robinson and others, 1956). Though pumping has
decreased, the salt water has not been flushed out and still impedes
ground-water development. Water that is naturally saline has given
trouble in central Lowndes County (Scott, 1957) and western Hale
County in the blank area shown on plate 1. In the area west of
Demopolis, Marengo County, highly mineralized water has risen
along faults into a heavily utilized fresh-water aquifer, raising the
chloride content of water from one well from 378 ppm in 1951 to
1,330 ppm in 1955. This situation points up the fact that salt water
lies at depth and downdip in the Coastal Plain strata and will have
to be guarded against as wells are drilled deeper to exploit aquifers
now untapped.
Water is wasted from thousands of flowing wells in the river
valleys. One good example is in the Demopolis area in the Tombigbee-Black Warrior River basin. On the basis of studies in eight
counties it is estimated that more than half the water flowing from
wells serves no beneficial purpose, and the total waste in the State
may be as much as 50 mgd equivalent to about a quarter of the
ground water used for beneficial purposes.
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Problems of mine drainage hamper operations in the Birmingham
red-iron-ore district, which produces about 7 million tons of ore per
year. The problems began as early as 1909 with flooding of the
Sloss mine. Studies by Eobinson and others (1953) and by Simpson (1955, 1959) have pointed the way to solution of some of the
problems.
The cavernous carbonate rocks of the Paleozoic area locally furnish ready access to pollutants from surface sources (LaMoreaux,
1949). Some wells not constructed to seal out the shallowest water
have been contaminated, but these amount to only a small fraction
of the total number of wells tapping water in these rocks. Difficulties
in locating productive areas of carbonate rocks and in developing
wells that tap sediment-filled cavities in the rocks also are problems
that now limit the use of ground water that might be made in this
area (LaMoreaux and Powell, 1960).
PROSPECTS AND NEEDS

Alabama has a very bright ground-water future. It has groundwater resources capable of meeting demands many times larger than
those of 1960, and it has taken substantial steps toward locating
and evaluating its water resources through cooperative hydrologic
investigations. Ground-water problems are relatively few and, except
for the waste of water from flowing wells, affect only a small part
of the State's total area. Industrial and associated municipal development will expand greatly with the completion of dams in the
Chattahoochee, Tombigbee-Black Warrior, and Alabama-Coosa
Eiver basins and of the proposed Tombigbee-Tennessee waterway.
The stabilized surface-water supplies, in addition to providing water
supplies for large-scale uses and enabling water shipment of raw
materials and products, will help to firm up the many industrial and
municipal ground-water developments that will accompany the industrial expansion. The growth of Huntsville from a population of
22,000 in 1952 to 72,000 in 1960 gives an idea of the growth to be
expected from future industrial development. Irrigation, which
was slight before the drought of 1953-57, will increase greatly.
Ground-water irrigation is expected from present trends to increase
particularly in Baldwin, Monroe, Fayette, and Cullman Counties
and along the Tombigbee and Black Warrior Eivers. Development
of the Pollard and Citronelle oil fields in Escambia and Mobile
Counties will increase demands for fresh ground water and for
information on the depth and location of salt-water sands into which
waste oil-field brines could be discharged, as well as on the depth of
"surface" casing needed in oil wells to protect fresh-water aquifers.
Large ground-water supplies will be developed by induced infiltration of river water into alluvium and terrace deposits along the
major streams, now almost untouched.
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The increase in development of and competition for water will
bring problems of securing legal rights to the use of water. The
principal field in which laws now exist is that of pollution of surface
water by industrial wastes. In the future, the effects of interference
among wells and of competition among surface-water users and
between surface- and ground-water supplies will necessitate more
comprehensive legislation. The State is actively engaged in consideration of the problems, as indicated by passage in 1949 and
strengthening in 1953 of the laws under which the Water Improvement Commission functions in relation to pollution problems, and
by the establishment in 1959 of the Water Resources Study Commission to recommend a basic water policy for the State. The
developments in Alabama and in the Southeast in general are
interestingly described in a 1960 report of the Alabama Business
Research Council, an organization of businessmen and educators
functioning under the auspices of the University of Alabama.
The State has been active in promoting the cooperative investigations of the Geological Survey of Alabama and the U.S. Geological Survey, and the studies now completed for parts of the State
as cited previously are planned for extension to cover the whole
State so as to provide the necessary hydrologic background for
future water development.
AT.ARTTA

Enormous water resources in a very early stage of development, but
certain "built-in" deficiencies that will handicap use and have already created
problems. Permafrost in western and northern Alaska and scarcity of good
aquifers in southeastern Alaska are chief ground-water problems. Abundant
overall water supply in major populated areas, capable of greatly increased
development but not necessarily at low cost. Hydrologic data, needed as basis
for future development, greatly inadequate at present.

It would seem ambitious to attempt to summarize in a few pages
the ground-water background of a State that is nearly one-fifth as
large as the conterminous 48 States, and that has nearly as wide a
range in geologic and hydrologic conditions. One of the things that
makes a short summary possible is that as yet not much is known
in detail about ground water in Alaska. The small population and
economic development of the 49th State have so far justified the
assignment there of only a minute fraction of the Nation's total
effort in ground-water investigation a few tens of man-years to
date as compared with tens of thousands in the rest of the country.
Geologically Alaska can be thought of as the north end of the
American Cordillera, bent around from its northwestward trend in
Canada to the west and even the southwest. On the north is the
westward-trending Brooks Range, an extension of the Rocky Mountain system. On the south is a group of ranges of the Pacific
Mountain system (Brooks, 1906, p. 16-17, pi. 2), forming a great
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arc beginning with the Coast Eange on the southeast, passing into
the great Alaska Range and subsidiary ranges in the middle, and
then bending southwestward into the Aleutian Range. Between the
Alaska and Brook Ranges is a great lowland, Brooks' Central
Plateau region, of which the Yukon Valley forms the largest part;
and flanking the Brooks Range on the north is a broad coastal
plain, a part of the Arctic Slope and an extension of the Great
Plains. On the south, the mountains generally rise abruptly out
of the sea, but at the south edge of the main mass of Alaska are
sizable remnants of a coastal plain.
Rocks of all the principal systems are present, from Precambrian
to Quaternary (Smith, 1939, p. 7-90, pi. 1). The great mountains
have cores of intrusive and metamorphic ("crystalline") rocks, generally Precambrian but of Mesozoic age in the Coast Range, flanked
by younger sedimentary and volcanic rocks. The lower mountains
and hills are formed of similar rocks or of Mesozoic sedimentary
rocks. The coastal plains are formed by sedimentary rocks of Mesozoic and Cenozoic age.
Covering the older rocks of the mountains in all but their highest
parts and those of uplands scattered throughout the great central
plateau is the drift of glaciers which occupied these highlands during the Pleistocene Epoch. Living glaciers dot the Coast Range
and the Alaska and subsidiary ranges in the middle of the southern
mountain arc. Outwash deposits derived from glaciers, plus undifferentiated deposits including some of ordinary alluvial rather than
glacial origin, mantle the older rocks in large areas in the lowlands
extending beyond the limits of existing or former glaciers. Large
areas of these unconsolidated deposits are found on the northern
coastal plain, on the south flank of the Aleutian Range and in the
adjacent Nushagak River basin, on the north flank of the Alaska
Peninsula to the west, and in the basins of Susitna and Copper
Rivers. By far the largest and most spectacular areas of such deposits, however, are those in the central plateau, along the Yukon
and tributaries, especially the Tanana, and along the Kuskokwim,
Kobuk, and Noatak Rivers. Two especially large areas are that
traversed by the lower reaches of the Yukon and Kuskokwim and
that in the upper Yukon-Porcupine River drainage area.
Alaska has varied climate, precipitation, and water supply. The
climate ranges from mild and wet to cold and dry. Potential evapotranspiration is generally less than precipitation, so that a surplus
of water remains to flow off in streams or creep off in glaciers. The
ground is permanently frozen in most of the State, and wherever
the permafrost exists it complicates (or even prevents) the development of water from the ground.
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The climate of the southeastern coastal area is mild and wet,
similar to that of the north Pacific Coast of the conterminous States.
Eunoff is high, though information on it is available for only scattered areas here and elsewhere in Alaska. The precipitation is measured at stations at low elevations, which do not register the larger
amounts that occur at higher elevations. Its magnitude is shown
by runoff ranging from 50 to more than 300 inches from 41 measured
basins (U.S. Dept. Interior, 1960a, p. 4). The shortness and steep
slope of stream courses in this narrow coastal strip lead to rapid
runoff, so th^at the flow of some streams diminishes markedly in dry
weather. On the other hand, many streams are fed by lakes or
glaciers, and their supply holds up better. However, the glacial
melt water contains a large amount of the finely ground rock called
"glacial flour," which is difficult to remove and impairs the usefulness
of the water.
The south-central coastal area receives less precipitation but is still
wet. Eunoff in the few gaged streams ranges from about 15 to about
170 inches. A greater variation in temperature and a longer period
of freezing weather cause a greater variation in streamflow than in
the southeast. About 70 or 80 percent of the runoff occurs in the
period beginning in June and ending in September. Streamflow is
low from December through April (idem, p. 5).
In the interior region the precipitation is generally 5 to 20 inches
but locally it is higher. The climate is similar to that of North
Dakota and Montana warm in summer and very cold in winter.
The frost-free period is generally 63 to 90 days. Eunoff is 8 to 40
inches or more. The variability of streamflow is similar to that of
the average stream in the conterminous States.
The Brooks Eange and the Arctic Slope have an arctic climate.
The precipitation is not great as expressed in inches (less than
5 inches along much of the coast), but evapotranspiration is low
and most of the precipitation becomes "available" as snow and ice.
The summer is very short (average frost-free period at Point Barrow, 17 days), but while it lasts there is surface water everywhere
(idem, p. 1, 5). The shallow "permafrost table" generally prevents
downward percolation of melt water, so fresh ground water is
virtually unavailable.
OR OTJND-WATER RESOURCE

Ground-water conditions in Alaska are highly variable. As might
be guessed, the principal aquifers are bodies of water-sorted sand
and gravel incorporated within the glacial drift that covers the
uplands, and in the glacial outwash and other alluvial deposits that
extend from the uplands into the lowlands. The most productive
aquifers are those in the vast central plateau, where the Yukon
and its tributaries have laid down deposits in large areas to depths
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of hundreds of feet, and in valleys and plains within and on the
slopes of the southern mountain system. The potentially permeable
deposits of the Arctic Slope are frozen almost throughout, and
water is available only locally beneath or near large bodies of
surface water. Productive alluvial deposits are scarce in the southeastern coastal area.
The older rocks are much less permeable, although they are
capable of small yields in most places, and some of them especially those of Mesozoic and Tertiary age may prove to include some
fairly good aquifers.
Ground-water availability in Alaska is complicated by several
conditions (Cederstrom, 1952, p. 3-A). One not found in other parts
of the United States is the widespread presence of permafrost
permanently frozen ground (Cederstrom and others, 1953, p. 5-10;
Hopkins and others, 1955, p. 118-134). Generally believed to be in
part the result of the present climate and in part a relic of the
colder climate of the Pleistocene, permafrost is found in all parts
of Alaska except a strip 25 to 125 miles wide along the south coast,
and even in that strip there are a few small, insignificant areas of
permafrost. In the next zone to the north, still on the south slope
of the Alaska Range, permafrost is "sporadic" occurs in scattered
areas surrounded by areas of unfrozen ground. Farther north is a
broad belt, taking in most of the Alaska and subsidiary ranges, the
central plateau, and the southern part of the Brooks Range, of "discontinuous" permafrost an area mostly of permafrost but containing substantial unfrozen areas. Finally in the northern Brooks
Range and Arctic Slope is an area of "continuous" permafrost, containing only a few small, scattered patches of unfrozen ground
(Hopkins and others, 1955, p. 115, fig. 5). Obviously, the boundaries
between the zones are arbitrary.
In any given area of permafrost, the frozen ground begins at a
certain depth below the surface and extends to some greater depth.
The zone of permafrost is considered to be that in which there is
never any melting. At the top of it is the so-called active layer, in
which there is seasonal melting, or at least occasional melting in
very warm years. There is, of course, a zone of "seasonal frost," or
"winter frost," beneath the land surface, as there is in nonpermafrost areas having subfreezing winter temperatures; this zone may
or may not extend downward to take in all the active layer.
The depth to the bottom of the permafrost ranges from as little
as a few feet in the southern two zones to about a thousand feet
on the Arctic Slope. The active layer is thicker in the south than
in the north.
Ground water may occur above the permafrost ("suprapermafrost
water"), in thawed zones within the permafrost ("intrapermafrost
071310 O 63 10
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water"), or below the permafrost ("subpermafrost water") (Cederstrom and others, 1953, p. 6-10). The suprapermafrost water
is commonly seasonal, but in some areas the permafrost has thawed
downward to a depth below that of winter frost under current
climatic conditions, so that there is a perennial zone of saturation
on top of the permafrost.
In any given area, permafrost is likely to be absent or at some
depth, and ground water to be available (if permeable materials
are present), under and in the immediate vicinity of lakes and
streams, including recently abandoned stream and lake beds. Other
areas favorable for ground water (again presupposing the presence
of permeable materials) are those where the insulating cover of
vegetation has been stripped away and the ground has thawed as
a result. In any given area, the southward-facing slopes are more
likely to be thawed than the northward-facing ones.
In the vast alluvial plain of the central plateau the permafrost
is absent or thawed to considerable depth in many places beneath
existing or former bodies of water, and permafrost rarely extends
all the way to bedrock. Hence, ground water is rather generally
available in thawed areas, in thawed zones within the permafrost,
or beneath the permafrost. On the Arctic Slope, even potentially
permeable materials in the overburden and the bedrock are generally
frozen to great depth in most places, and there is a likelihood that
unfrozen bedrock strata below will be found to contain saline water
in many if not most areas. Outwash along the Colville Kiver and
other large streams and near lakes and hot springs is locally unfrozen and will yield water.
Thus, with careful prospecting and suitable precautions, ground
water can be located in and obtained from permeable, unfrozen
glacial deposits in a large part of Alaska south of the Brooks Range.
Very large quantities are available in some areas from unfrozen
glacial outwash and other alluvium, especially in the lowlands of
the central plateau. Small quantities are available from the older
rocks in localities where they are unfrozen.
Much of the ground water, especially that in the glacial deposits,
is of poor quality. It is commonly hard, but the greatest difficulty is
caused by a high content of iron or organic matter, or both. Apparently the outwash deposits, especially those beneath extensive "flats"
such as those along the Tanana River in its lower course (Cederstrom, 1952, p. 26), contain much organic matter which on decomposing promotes the solution of iron minerals, as well as contributing undesirable color, taste, and odor to the water. The water can
be treated, but treatment represents an additional expense whether
for a private domestic supply or for a large municipal system.
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GROUND-WATER

Ground water is now developed principally in the few important
populated areas. As of 1960 there were only 15 public water systems
in the State, most of which use surface water. Ground water from
privately owned sources is used in some of the smaller communities,
but not many so far.
The Anchorage area had a population of about 82,000 in 1960 and
used about 13 mgd of water for public supply. About 5 mgd came
from wells that tap artesian water in glacial deposits, the aquifers
having been developed only slightly until 1958 (Waller, 1960;
Waller, publication pending). -The surface water comes from Ship
Creek, whose flow is inadequate in late winter but averages more
than 90 mgd. Ground-water possibilities are outlined in a pamphlet issued by the Anchorage City Planning Commission (1960).
In the Fairbanks area, municipal and military wells supply about
2.5 mgd to about 20,000 people; another 10,0*00 are supplied from
privately owned wells. The city lies on the alluvial plain of the
Chena River, and ground water is available in virtually unlimited
quantities; the quality of the water from many wells is poor, however, owing especially to a high iron content (Cederstrom, 1962).
In the lowland area of the Kenai Peninsula, ground water is
used on a small scale at present but the use is increasing as agriculture and oil production grow.
Ground- water use in the Matanuska Valley (Trainer, 1960, 1961)
has been increasing slowly and promises to increase rapidly as more
and more farmers begin to practice irrigation.
Drilling of wells for domestic use is increasing in southeastern
Alaska. Nearly all public supplies are obtained from surface sources,
many of which are deficient in late winter. As of 1960 the city of
Juneau was supplied with a combination of ground water and surface
water. In 1961 the city, on the basis of a study made by the U.S.
Geological Survey (Waller, 1959), changed to a ground- water supply
obtained from two productive wells (tested at 2,800 gpm each)
located in the so-called Last Chance alluvial basin at the edge of the
city.
PROBLEMS

The principal problem related to water in Alaska is that of availability at reasonable cost. Although total water supplies are large,
the State is in an early stage of economic development and funds
commonly are inadequate to support high-cost water developments.
As to ground water, the two chief problems are permafrost in western and northern Alaska and scarcity of ground water in southeastern Alaska. Permafrost may make ground water totally unavailable, as in nearly all the Arctic Slope; or available only with difficulty in other areas, where unfrozen zones are difficult to locate or
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too deep for economical drilling. Once such a zone is located, drilling
offers no special problems (Cederstrom, 1952, p. 4; Cederstrom and
Tibbitts, 1961, p. 23-25), but completed! wells must be operated so as
to prevent freezing. Frequent pumping is the commonest method.
Though ground water is available in a large part of Alaska, it commonly is not available in desired quantities, or at a cost that can
readily be met with existing financial resources.
"Glacial flour" is another complicating factor (Cederstrom, 1952,
p. 3). In much of Alaska south of the Yukon the streams carry varying quantities of this finely ground rock in suspension. The sediment
is so fine grained that treatment of surface water is made difficult.
Although the flour is filtered out where surface water enters the
ground, it tends to inhibit the rate of infiltration and hence may
reduce severely the amount of ground water that can be developed by
induced infiltration from flour-carrying streams.
In large parts of Alaska, especially along the coast, ground water
is difficult to get because of conditions that exist in many other parts
of the United States as well unconsolidated deposits are absent or
fine grained, the bedrock is not very productive, or the water is
saline or may become so on pumping. These conditions make it difficult to obtain even small supplies of ground water in many places
where surface water is locally unavailable or too expensive to treat
for the intended use.
In the Anchorage area, waterlogging is a problem in extensive
areas. Drainage problems and pollution of shallow aquifers resulting
from urbanization are increasing. The water in Ship Creek is variable in quality and inadequate in quantity in late winter. Heavy
pumping of wells to make up for deficiencies in surface water may
lower water levels to the extent that salt-water encroachment will
be induced.
Ground water is available in only small quantities in most of the
upland parts of the Fairbanks area, which are desirable for residential and farming use. Poor quality of the abundant ground
water beneath the alluvial plain is a problem. Permafrost in present
in most of the area, but it is not a serious problem because it is
generally confined to fine-grained sediments, and wells are drilled
to unfrozen sand and gravel within or below the zone of permafrost.
Pollution of both surface and ground water is beginning to occur.
The city needs additional water; its main problem is to find water
of good quality.
In the Kenai Peninsula ground water is generally adequate in
quantity but quality is a problem, especially in the western part of
the area. The water along the west coast is locally saline or of high
iron content, or both. Disposal of oil-field brine into deep aquifers is
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not likely to threaten fresh-water supplies, but definite assurance
will be lacking until more information is available.
Connate saline water beneath the permafrost is a problem in the
central part of the Copper River basin.
One of the special problems of Alaska has been the scarcity of
skilled drillers and modern well rigs. This situation is improving,
however. In the present, pioneering, stage of ground-water exploration and development, effective low-cost methods of drilling are
important. Cederstrom and Tibbitts (1961) have helped to develop
one such method.
Drainage Sand flood control are potentially serious problems in
many areas.
A factor that is at once the key to solution of the availability
problem in most areas and a problem inhibiting development is the
lack of hydijolpgic information, which in relation to total needs is
more serious1 in Alaska than in any other State. Informal and now
formal cooperation with the Alaska Department of Health, is J>eginning to remedy this situation.
PROSPECTS AND NEEDS

Alaska, like many other States in their pioneering stages, has
large water and other resources and potentially bright prospects.
As a whole, it has far more water than will be needed in the foreseeable future. For some time to come, however, developing and controlling water will be a problem that can be thought of as a kind
of vicious circle. Water development will be inhibited by lack of
capital and lack of hydrologic information, and the industrial and
agricultural development that would provide the economic base
needed to remedy these deficiencies will be hindered by financial,
informational, and physical difficulties in developing water. Thus,
for a time, economic development in Alaska will be a "bootstrap"
operation.
The southeast-coast area has an enormous water-supply and power
potential in its large streams, but in many places low-cost supplies for
small uses are not readily available. The southern slope of the
Alaska Range has many promising alluvial areas where ground water
is available with little interference from permafrost, and it has some
large surface-water supplies also. The interior area has large supplies of both ground water and surface water, but freezing of surface
water in the winter and widespread presence of permafrost are
complicating conditions; so is quality of water. The Arctic Slope
is a difficult water area, but demands there are never likely to be
great.
The great scarcity of hydrologic information, along with the
complicating conditions peculiar to the climate, will refc^rd Alaskan
water development for some time to come. The greatest informational
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needs are for ground-water reconnaissances and stream-gaging programs to obtain the minimum data needed to permit choosing the
most economical means of getting water and to avoid costly mistakes,
such as in underdesigning or overdesigning dams and reservoirs.
Intensive studies of the occurrence of ground water in permafrost
areas are needed in order to develop criteria for economical location
and development of supplies. There is need for development of
additional methods of rapid, low-cost test drilling in rocks of different kinds, and for low-cost methods and equipment for softening
water and removing iron.
Information is needed most urgently, of course, in areas of rapid
population growth and increasing water demands. Information is
needed at Anchorage on safe rates of pumping and minimum spacing of wells; at Fairbanks on favorable areas in the uplands north of
the city, where studies already have shown good deposits of sand
and gravel beneath some swales in the ridges (Cederstrom and
Tibbitts, 1961, p. 22-24; Cederstrom, 1962), on areas of good-quality
water in the alluvial plain, and on the practicability of inducing
infiltration of water of better quality from the streams; in the Kenai
Peninsula on availability of water for municipal supplies and for
irrigation; in the Matanuska Valley on the availability of water
for irrigation, especially in the rapidly developing western part;
and in southeastern Alaska on the occurrence of water in the several
valleys that contain glacial outwash or other alluvial deposits, as
well as on streamflow and on methods of preventing pollution of
streams and ground water. Ground-water reconnaissances are needed
in the vicinity of many small communities in addition to the approximately 65 covered by Cederstrom (1952) and the 25 or more covered
since by R. M. Waller of the Geological Survey and described in
brief open-file reports.
A need for information on the potential effects of Project Chariot
the proposed excavation of a harbor near Cape Thompson by
means of nuclear explosives has been met in part by a report
(Piper, 1961) on possible effects on local water supplies.
In spite of the problems, however, Alaska's water potential is great.
ARIZONA

Water supply generally deficient in relation to present and prospective needs.
One of the fastest growing States and third largest ground-water user of
United States, and more dependent on ground water than any other State.
Precipitation from 4 inches or less to 24 inches or more and averages perhaps
12 or 13 inches. Runoff from 0.1 inch or even less to 5 inches or a little
more; averages about 0.7 inch for total of 3.8 bgd (4% million acre-feet per
year). Owing to channel losses, only about two-thirds of average runoff reaches
principal streams and average of only about 2.3 million acre-feet per year is
actually captured and stored; of this, average of about 2.1 million is diverted
for beneficial use. Total water use in 1960 nearly 7 million acre-feet (about 6
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bgd), of which nearly two-thirds came from wells. Most of the ground water
is pumped in southern part of State (Alluvial Basins region), and most of
it is derived from storage, even though part of water applied to crops returns
to aquifers or flows to streams. Declining water levels, reduced well yields,
and increasing salt content resulting from recirculation of irrigation water
already making irrigation uneconomical in some areas. Efforts at legal control
to date ineffective in reducing overdraft.
Present trends suggest that irrigation use will be increasingly replaced
by urban and industrial uses near growing centers of population. Proposals
for future include increased diversion of Colorado River water; reduced use for
irrigation as other uses grow; and conservation practices (some still in experimental status) including artificial recharge of floodflows now lost by
evaporation, salvage of water transpired by low-value phreatophytes, increasing
runoff from upland areas by vegetation management, conversion of saline
water, and perhaps induced precipitation.

The southwestern three-fifths of Arizona is in the Alluvial Basins
ground-water region, the region of driest climate, smallest runoff,
and greatest water need and use. The northeastern two-fifths is in the
Colorado Plateaus part of the Colorado Plateaus-Wyoming Basin
region, where the precipitation and runoff are greater but are still
low. The precipitation in the Alluvial Basins region ranges from
less than 4 inches in the southwest corner of the State to about 12
inches as the base of the Mogollon Rim, the elevated southwest edge
of the Colorado Plateau, and 16 to 20 inches in the relatively high
and large mountains northeast and east of Tucson. The average
annual runoff is as low as 0.1 inch per year, or even less, in the southwest corner of the State (Alfonso Wilson, U.S. Geol. Survey, written
communication, 1961) and mostly below 0.5 inch in the rest of the
Alluvial Basins region; it is as much as 5 inches in the mountains
northeast and east of Tucson. The precipitation in the Colorado
Plateaus is 20 to somewhat more than 24 inches along the Mogollon
Rim and mostly 8 to 16 inches elsewhere. The runoff is as low as
about 0.1 inch and is 0.25 to 0.5 inch in most of the region but is as
much as 5 inches in the Mogollon Rim, in the San Francisco Peaks
northwest of Flagstaff, and in the highest part of the Kaibab
Plateau north of the Grand Canyon.
According to measurements made in 1951 by C. H. Hardison of
the U.S. Geological Survey (unpublished data) from the runoff
contours of Langbein and others (1949) reproduced in plate 1, the
runoff in the State averages about 0.7 inch, for a total of 3.8 bgd.
Because of channel losses (including infiltration to the water table)
the total quantity of water available from streams, as indicated by
long-term stream-gaging records, is perhaps -a third less than the
total of 3.8 bgd (4*4 million acre-feet per year) indicated by the
runoff contours (D. D. Lewis, U.S. Geol. Survey, written communication, 1961). And, of the available water, an average, of only about
2.3 million acre-feet per year is actually captured and stored, and
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about 2.1 million is diverted for beneficial use, under current conditions (State Officials, 1960, p. 6-8).
The principal hydrologic feature of the Alluvial Basins region is
the alluvial fill of the valleys (Harshbarger and Smiley, 1960),
which provides enormous ground-water storage and is capable of
large yields to wells but is replenished at a relatively low rate,
mostly from streamflow (Babcock and Gushing, 1942). Thus a large
part of the ground water pumped has come from storage, and water
levels in the most heavily pumped areas are declining persistently.
The Colorado Plateaus province has mainly consolidated-rock aquifers of generally low to moderate productivity and generally low
replenishment. The south edge of the province (the Mogollon Eim)
is high enough to be the source of a large part of the runoff that
enters the Alluvial Basins region. The runoff includes the flow of
springs whose hydrology should be studied in detail to enable the
most efficient possible use of the water (Feth and Hem, 1962).
GROUND-WATER STUDIES

The occurrence of ground water in parts of Arizona was covered
in reconnaissance fashion in early studies made by the U.S. Geological Survey. Large areas that were described include the Navajo
country (Gregory, 1916), the lower Gila region (Boss, 1923), and
the Papago country (Bryan, 1925). Smaller areas, mostly individual valleys in the Alluvial Basins region, were covered in other
reports. These reports, unless superseded by more detailed reports
of later date, are cited in the areal descriptions in the next section.
Since the 1930's, studies have been underway in cooperation with
the State, the chief cooperating agency for ground wa"ter being the
Arizona State Land Department. There has been cooperation with
local agencies also, such as the current cooperation with the city
of Flagstaff; and work for other Federal agencies, such, as that in
the 1940's and 1950's for the Bureau of Indian Affairs in the Papago
and Navajo countries. The studies in the Navajo country are being
followed up by the current studies in cooperation with the Navajo
Tribal Council. Significant reports resulting from all the studies
are cited in the areal descriptions.
DESCRIPTION OF AREAS

Descriptions of conditions in individual areas follow. The descriptions are in alphabetical order by counties. The San Pedro Basin
in Cochise, Final, and Pima Counties is listed under Cochise County.
Additional descriptive material on the most important ground-water
areas of southern Arizona is found in a report by L. C. Halpenny
and others (1952) on the Gila Eiver basin and adjacent areas and
in the earlier reports on which the 1952 report is based. Information
on pumpage and ground-water levels in all the areas of substantial
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development in the StatQ is brought up to date each year; the latest
published report covers the period 1960-61 (White and others, 1961).
APACHE COUNTY

Apache County lies in the Colorado Plateaus. Its south edge
coincides approximately with the Mogollon Rim. Ground water is
withdrawn for irrigation and other uses from the Coconino Sandstone of Permian age, one of the most productive of the sandstone
aquifers beneath the Colorado Plateaus, and locally from other aquifers. The principal area of withdrawal of ground water for irrigation in the county is in the Little Colorado River valley near St.
Johns and Hunt (Feth, J. H., and others, in Halpenny and others,
1952, p. 195-196). Water levels decline in the irrigation season, and
there is some interference among closely spaced wells, but no definite
long-term trend has been observed. , There is another area of moderate
development southwest of Springerville (idem, p. 196); the aquifers
are alluvium and Cretaceous rocks. The quality of the water is good
to fair south of the Little Colorado and Zuni Rivers but poor to the
north. The quality appears to be deteriorating in parts of the St.
Johns-Hunt area.
The water supply of the Coconino Sandstone appears to be adequate to sustain additional development, especially in the southern
part of the area it underlies. Much more information is needed, however, on the variations in permeability and productivity of the sandstone, the potential rate of recharge, and the nature and cause of
variations in the quality of the water. Even the data on the present
total rate of withdrawal and the changes in water levels are inSubsurface stratigraphic information on the southern part of the
county is very scarce. Among the wells that have been drilled are
test holes for oil and gas whose records, when they become available, will be valuable in delineating the extent of fresh-water
aquifers.
A small area in southwestern Apache County is included among
those being studied for possibilities of increasing water yield by
vegetation management.
The Navajo and Hopi Indian Reservations in northern Apache,
Navaio, and Coconino Counties (Gregory, 1916; Halpenny, 1951;
Harshbarger and others, 1953, 1957) are a vast area of scanty water
supplies. Studies in recent years have shown, however, that the
risk of drilling unsuccessful wells can be reduced nearly to zero by
careful study of the local stratigraphy and consideration of the
results of drilling in similar situations (Akers, 1960b). This does
not mean that a well can be obtained anywhere, but that it can be
decided rather reliably in advance whether or not a well has a good
chance of success. Reports on specific areas prepared to date include
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those on the Chinle area (Halpenny and Brown, 1948), the Lukachukai area (Brown and Halpenny, 1949), the Fort Defiance area
(Halpenny and Brown, 1949), the Buell Park-Sawmill area (Whitcomb and Halpenny, 1950), the Keams Canyon area (Kepenning
and Halpenny, 1951), the Chuska Mountains area (Harshbarger and
Eepenning, 1954), the Segi Mesas area (Cooley and Hardt, 1961),
the Eed Lake area (Akers and others, 1962), and the Black Mesa
basin (Akers and Harshbarger, 1958). The geology of central"Apache
County is described briefly by Akers (1961), and the geohydrology
of central and southern Apache and Navajo Counties by Cooley and
Akers (1961).
COCHISE COUNTY
SAN SIMON BASIN

The San Simon Basin (Schwennesen, 1919; Knechtel, 1938; DeCook, K. J., in Halpenny and others, 1952, p. 59-67; White, publication pending) is mainly in Arizona but extends a short distance
into New Mexico to include the town of Rodeo and vicinity. The
area of development extends northward into Graham County. Most
of the water in the valley fill is under artesian conditions below
thick beds of clay but some is under water-table conditions above the
clay. Irrigation with water from flowing wells began many years
ago, but all irrigation wells are now pumped. The withdrawal in the
Arizona part of the basin was about 5,800 acre-feet in 1946 and had
increased to about 15,000 acre-feet per year by 1952. The withdrawal as of 1960 was about 50,000 acre-feet per year, plus somewhat
more than 3,000 acre-feet per year in the New Mexico part. The rate
of recharge is small, and most of the water is being withdrawn from
storage. Water levels in the Arizona part declined as much as 90
feet from 1950 to 1960. They declined about 6 feet in the New
Mexico part from January 1958 to January 1960.
Detailed information is needed on the geohydrology of the basin
especially the distribution, thickness, and permeability of the aquifers
and confining beds to serve as a basis for predicting the future
response of the basin to pumping. With the available data, a generalized electric analog model of the basin has been built which
will be helpful in indicating the effects of future withdrawals. Such
a model is only as good as the information put into it, however, and
the present model will need to be refined. A small-scale test-drilling
program is planned, but accurate logs of all new production wells
also should be made.
The 1950 report on the national ground-water situation (McGuinness, 1951a, table, p. 6) spoke of the need for "stopping underground
leakage from defective wells and increasing efficiency of use [which]
may bring withdrawal within safe limit, if not increased otherwise."
Increased withdrawal by pumping has reduced underground leak-
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age and the waste of water from uncontrolled flowing wells. However,' the increased rate of withdrawal is beyond the "safe limit"
(perennial yield), as is demonstrated by the persistently declining
water levels. Obviously, a cutback in pumping will ultimately be
necessary. However, adequate geohydrologic data would provide a
basis for most efficient development and use of the supply.
wnxcox BASIN

The Willcox Basin (Coates, D. R., in Halpenny and others, 1952,
p. 177-185) is the northern part of the Sulphur Spring Valley (Meinzer and Kelton, 1913), the southern part of which is represented by the
Douglas Basin. The Chiricahua National Monument (Johnson,
1962a) is at the southeast corner of the Willcox Basin. In 1949
about 28,000 acre-feet of water was withdrawn from wells in the
Willcox Basin, mostly for irrigation in the Stewart area. The principal problem then was waste of some tens of thousands of acrefeet of water per year by evaporation and transpiration in and near
the Willcox playa lake. In the last decade a different situation has
emerged. A new area of withdrawal has developed, the Kansas
Settlement area south of Willcox. In 1959 the total pumpage in
the basin, mostly in the Stewart and Kansas Settlement areas, was
about 180,000 acre-feet, undoubtedly beyond the perennial yield.
Water levels declined 10 to as much as 40 feet in the Stewart area
and 10 to as much as 110 feet in the Kansas Settlement area from
1950 to 1960.
One good feature of the present situation is that most of the
evapotranspiration in and near the Willcox playa has been salvaged
as a result of lowering of water levels, although there may still
be some.
As in the San Simon Basin, more accurate information on the geohydrology is needed. Hydrologic studies should include estimates
of recharge and remaining natural discharge, to enable predicting
the response of the basin to continued development.
Some storm runoff still reaches the playa and evaporates without
serving a beneficial purpose. Some of this water might be salvaged,
and a part of it might be artificially recharged to the developed
aquifers.
DOUGLAS BASIN

The Douglas Basin (Coates, D. R, in Halpenny and others, 1952,
p. 187-194; Coates and Cushman, 1955) is the southern part of the
Sulphur Spring Valley, which includes the Willcox Basin on the
north and extends into Mexico on the south. Ground-water development to date has been relatively modest, though the pumpage is
probably in excess of the perennial yield under present conditions.
The pumpage in 1949 was about 30,000 acre-feet, and it ranged
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from 30,000 to 50,000 acre-feet per year in 1950-60. No large cones
of depression have developed, and the maximum declines in water
level from 1950 to 1960 were only 15 to 20 feet. Irrigation development is expanding, however. A small farm and home development
was started in the northern part of the basin in 1960.
An opportunity exists for gathering geohydrologic data to guide
future development along more effective lines than would be possible
if present development were more advanced, and the opportunity
should be pursued vigorously.
The topographic and hydrologic slope of the basin is southward
into Mexico. Ground water discharges into Whitewater Draw, which
except in extremely dry periods has some flow in the last 2 miles
of its course before it enters Mexico. Both surface flow and underflow into Mexico need to be evaluated accurately as a basis for
whatever international agreement may eventually be needed for division of the water between the two nations.
SAN PEDBO BASIN
Coehise, Final, and Pima Counties

The San Pedro Basin (Heindl, L. A., in Halpenny and others,
1952, p. 69-99; Page, publication pending) is divided into upper
and lower basins by a narrows near Tres Alamos Wash. The upper
basin, in Coehise County, has only a small amount of arable land
and is relatively undeveloped. The lower basin is more heavily developed, largely for irrigation, for which both ground water and
surface water are used. The San Pedro River furnishes a part of
the surface-water supply used downstream by the San Carlos Irrigation District in the Gila Valley. A considerable amount of water,
including some from leaky artesian wells in the upper basin, is used
by phreatophytes along the river. The city of Tucson, in the upper
Santa Cruz Basin in Pima County, in 1960 purchased land along
the San Pedro River in order to develop additional ground water for
public supply. Substantial future development for industrial use
also seems likely.
Conflicts between competing ground-water uses and between
ground-water and surface-water rights are likely to develop. Much
additional information is needed on recharge, use and waste of water,
relation of ground water to surface water, and probable effects of
prospective developments if conflicts are to be minimized. Not
enough information is available on the extent and relations of the
different aquifers in the valley fill. The amount of water discharged
by nonbeneficial evapotranspiration should be determined and the
possibilities of salvage evaluated.
COCONINO COUNTY

Coconino County, which includes the Grand Canyon National
Park (Metzger, 1961), is'largely a high, dry plateau. Surface-
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water supplies on the plateau are small and are not reliable in time
of drought. Ground water lies at great depths below the plateau in
most places, and supplies are at a premium for domestic and stock
water and local municipal and industrial use. Studies near Flagstaff have shown that the Coconino Sandstone, where shattered by
earth movements along fault zones, will yield as much as 1,000 gpm
to wells, though from great depth. The yield of the sandstone is
highly variable from place to place, however, owing largely to
differences in the degree of cementation. Pumping lifts in some parts
of the county are more than 1,000 feet, and in some deep test holes the
Coconino has been found to be dry drained into still deeper strata,
or drained downdip to the outcrop in the Grand Canyon where the
water is evaporated and transpired.
Locally, ground water is obtained from alluvium along streams
and from volcanic rocks (Feth, 1953; Cosner, 1962); in tjie San
Francisco Peaks, north of Flagstaff, some water is obtained from
glacial deposits formed during the Pleistocene Epoch. All such
supplies tend to be local and ephemeral because of the tendency of
water to enter the permeable rocks that lie beneath the plateau in
most places, drain to great depths, and flow long distances to emerge
as springs in the canyon walls or as seeps along the Colorado and
Little Colorado Rivers.
Ground-water information for most of the county is meager. The
development of moderate supplies locally, even though at great
depth and considerable cost, is a hopeful prospect for the future.
The variations in occurrence and depth of water revealed by the
relatively few deep holes drilled to date show that supplies can be
developed at minimum cost only on the basis of detailed geologic
mapping and hydrologic studies designed to locate promising areas
and reduce the chances of failure in drilling deep and costly wells.
The ground water tends to be saline at and north of the Little
Colorado where the river enters the county from the east. Springs
that enter the Little Colorado just above its junction with the Colorado also are saline.
An area in southern Coconino County, crossing the line into
northeastern Yavapai County and extending nearly to the Verde
River, is one of those in which consideration is being given to the
possibility that runoff might be increased somewhat by vegetation
management.
Small water supplies are available in the Navajo and Hopi Indian
Reservations in northern Apache, Navajo, and Coconino Counties
(see Apache County for references), and a high degree of success
in drilling can be obtained by making a careful study of the local
stratigraphy and drilling only where the indications are good.
Detailed geologic mapping has been done in the Cameron and Leupp
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quadrangles in Coconino County (Akers, 1960a; Akers and others,
1962; Irwin and others, 1962), and the text of the maps includes
information on ground water.
QILA COUNTY

Most of Gila County is mountainous, and ground-water supplies
are generally small. The meager available information suggests
that the only two potentially productive areas of substantial groundwater storage are in the Tonto Creek area and the San Carlos
Kiver-Kanch Creek basin.
Some water, but of poor quality, is pumped from mines and used
where water of better quality is not available. Towns and industries
in the Globe-Miami area are in immediate need of additional water.
In that area ground water may be contaminated locally by acid
drainage from waste dumps at mines. Ground water in the Pine and
Payson areas in the northern part of the county, and also along the
Gila Kiver, is locally saline. Some water is wasted by low-value
phreatophytes, also along the Gila Kiver, and the possibility of
salvaging a part of the water should be investigated.
Information is scarce, and needed, on the presence and hydrology
of aquifers in the Globe-Miami area and other localities of present
and prospective water need, including the two promising areas
mentioned above. Only detailed studies accompanied by test drilling
will give the answers. Consideration is being given to the possibility of increasing runoff by vegetation management in the northeastern and western parts of the county and adjacent Navajo,
Apache, and Maricopa Counties. Information on such possibilities
throughout the county should be gathered.
Information on the San Carlos Indian Reservation, which is
partly in Gila but mostly in Graham County, is presented by
Schwennesen (1921).
GRAHAM COUNTY
SAFFOBD VALLEY

The Safford Valley, (Gatewood and others, 1950; Feth, J. H., in
Halpenny and others, 1952, p. 45-57; Hollander, 1960) is at the
downstream end of the structural trough in which the San Simon
Basin is situated. It has only a small amount of arable land, which
is irrigated with surface and ground water in proportions determined by the amount of surface water available. Even though the
total irrigable area is small, the acreage under cultivation increased
from 32,000 acres in 1950 to 42,000 acres in 1960. The water requirement is substantial roughly 300,000 acre-feet per year for the
42,000 acres. In 1946, a dry year, about five-eighths of 185,000
acre-feet came from wells. In 1949, a wetter year, about one-fifth
of 210,000 acre-feet came from wells (Cushman and Halpenny, 1955,
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p. 90). Although the shallow alluvium from which most of the
ground water comes is pumped almost dry in years of deficient
streamflow, the water is replenished by subsequent flood flows in
the river. In the last 10 years an increasing number of deep wells
have been drilled to artesian aquifers in the valley fill to supplement the supply from the shallow aquifer.
. The extent to which the deep artesian aquifers can stand additional* development is not known. The water of the deep aquifers
discharges into the shallow alluvium and the Gila Kiver, so it
cannot be considered a completely independent supply. The consequences of possible overdevelopment of the artesian aquifers should
be evaluated in terms of future needs. Before any such determination can be made, much more has to be learned about the location, relations, yield, and quality of water of the aquifers. Some of
the water is of poor quality, and may be more of an asset for saltwater-conversion efforts of the future than for use under present
conditions.
Some water is wasted by uncontrolled flow or leakage from
artesian wells and by phreatophytes, chiefly saltcedar (tamarisk)
along the Gila Kiver. The use by phreatophytes was about 28,000
acre-feet per year as of 1943-44 (Gatewood and others, 1950, p. 203).
The heavy pumping of the shallow alluvium in recent years doubtless has salvaged a part of the waste, however.
Possibilities of salvaging water used by phreatophytes were evaluated in a study about as detailed as any of similar type made up
to that time (Gatewood and others, 1950), but the contemplated
project of eradicating the phreatophytes and utilizing the water
in an exchange agreement involving another stream was not carried
through. The report brings out clearly the large amounts of water
used by saltcedar and other phreatophytes along Western streams
as much as 6 acre-feet per acre by saltcedar in the Safford Valley
in 1943-44 and dramatizes the necessity of further study to determine whether salvage of any of this water is economically1 feasible.
CACTUS FLAT-ABTESIA AREA

The Cactus Flat-Artesia area (Feth, J. H., in Halpenny and
others, 1952, p. 45-57) is in the Safford Valley-San Simon trough
between the Safford and San Simon Basins. Water is obtained
mainly from artesian wells in the older valley fill. The withdrawal
in 1949 was about 6,000 acre-feet. The withdrawal in 1960 is estimated to have been about 10,000 acre-feet.
Water is wasted from leaky artesian wells and by phreatophytes.
Repair of wells and control of phreatophytes, if done properly, would
make possible salvaging a part of this water and prolong the life of
the ground-water development.
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ABAVAIPA CREEK AREA

A small alluvial basin lies along Aravaipa Creek near the west
line of Graham County. Some ground water is pumped for irrigation. There is some surface water in the northern part of the area.
The amount of arable land is small and should tend to limit the use
of water for irrigation. There are some prospects for further development of water for other uses.
LOWER BONITA CREEK AREA

The lower Bonita Creek area (Heindl, 1960b; Heindl and McCullough, 1961) is in eastern Graham County, across the Gila Mountains from the Safford Valley. An infiltration gallery in the Quaternary alluvium along Bonita Creek furnishes public water for the
city of Safford; during the period of record, 1939-56, the pumpage
ranged from 900 acre-feet in 1944 to 2,500 acre-feet in 1953 and
decreased slightly after 1953. Late Tertiary volcanic rocks are capable of moderate yields but are not exploited at present.
GREENLEE COUNTY
DUNCAN BASIN

The Duncan Basin (Feth, J. H., in Halpenny and others, 1952, p.
36-43) is the northwestern part of the Duncan-Virden Basin, the
Virden part of which lies in New Mexico. The Gila River flows
northwestward through the basin before swinging southwestward
between the Gila and Peloncillo Mountains to enter the Safford-San
Simon trough near Safford. The Duncan-Virden Basin is another
one in which the irrigable area is small and the draft on ground
water is determined by the availability of river water. The groundwater draft in the Duncan Basin was about 17,000 acre-feet in 1946,
about 33,000 acre-feet in 1951, and about 25,000 acre-feet in 1955.
Water levels in 1960 were about the same as in 1950, as the ground
water now used is in shallow alluvium in the "inner valley" adjacent
to the river and is quickly replenished whenever there is flow in the
river.
As in the Safford Basin, water is present in older alluvial fill
beneath the shallow alluvium, but it has been developed only slightly
to date. Information is needed on the hydrology of the older fill and
on the interrelations of water in older and younger alluvium and in
the stream as an aid in working out an interstate agreement facilitating optimum use of water in both parts of the basin.
CLIFTON-MORENCI DISTRICT

There are problems of water supply and waste disposal in the
Clifton-Morenci mining district. Hot salt springs that discharge
into the San Francisco River near Clifton depreciate the quality of
a large amount of river water. There is similar discharge of saline

ARIZONA

149

water into the Gila River near the west edge of the county. Study
of possible means of intercepting and disposing of the salt water
would be worthwhile, as in the Malaga Bend area in Eddy County,
N. Mex. (Hale and others, 1954).
HABICOPA COUNTY
SALT BIVEB VALLEY

The Salt River Valley (Meinzer and Ellis, 1916; Bluhm and Wolcott, 1949; Wolcott, H. N., in Halpenny and others, 1952, p. 137-145;
Skibitzke and others, 1961) includes the largest irrigated area more
than 500,000 acres in Arizona, and hence provides a large share of
the State's water problems. It is a principal part of the largest area
of ground-water overdraft in Arizona. Both surface water and
ground water are inadequate for perennial irrigation. The draft from
wells was about 1.68 million acre-feet in 1949, increased to about 2,2
million acre-feet per year by 1953, and since then has become stabilized at about that rate. Ground water is heavily overdrawn in all
but the southern and southwestern parts of the valley, where surface
water is more plentiful and in some years materially decreases the
amount of ground water that must be pumped. Declines of groundwater levels were as much as 150 feet in 1950-60, and averaged about
50 feet in the areas where ground water is the sole source of supply. The depth to the water table in 1960 ranged from 150 to 300
feet in most of the valley but was more than 400 feet locally.
The salt content of the ground water is increasing as a result of
"return flow" of irrigation water, especially in the western part of
the valley and in areas southeast of Phoenix and southwest of Florence (Hem, J. D., in Halpenny and others, 1952, p. 147-149). The
surface water also is not of the best quality as could be surmised
from the name of the valley and its principal stream.
In a part of the valley there are two aquifers, separated by a thick
body of clay. In this part of the valley the shallower aquifer has
been nearly dewatered locally. The deeper aquifer yields highly
mineralized water in some places. Information is needed on the areal
extent and thickness of the clay body and the lower aquifer, and on
the areas of saline ground water and source of the salt.
The many sources of salty inflow to the Salt River should be
studied, and the flow intercepted and disposed of by evaporation or
other means wherever possible. The result would be an improvement
in the usability and reusability of the river water and a slowing
of the increase in salt content of the ground water.
Obviously, importation of additional water or curtailment of
pumping will be necessary. The Salt River Valley is the largest
part of the Central Arizona Project area, proposed to benefit from
671S16 0 68 11
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importation of 1.2 million acre-feet of water per year from the
Colorado River. The project is controversial, however, in view of its
cost and of the still-unsettled suit between Arizona and California
as to the amount of Colorado River water to which each State is
entitled.
A step that would be most useful in managing the valley's water
would be construction of an electric analog model, which would show
the response of the aquifers and streams to various possible combinations of withdrawal and replenishment. A great deal of geologic
and hydrologic information is already available, but some of it is not
of the accuracy required for a good model. More reliable well logs,
of both the electrical and the lithologic ("sample") type, are much
needed.
Considerable water is used by phreatophytes along the Salt River.
Salvage of some of this water, though it would not solve the whole
problem, would be a substantial step forward. Some vegetated upland
areas also might be managed so as to increase runoff, but whether at
feasible cost is not yet known.
The increase in withdrawal to beyond the perennial yield is typical
of that in recent years in numerous other areas in Arizona and elsewhere in some of the Western States. Such developments are a
reflection of current economic conditions and of the state of legal
control of withdrawals. Under present conditions they could not
have been prevented, and they are not necessarily bad. They have
created wealth that otherwise would not have existed. They do bring
out the need, however, for all the States involved to view these situations as an indication of things to come, and to take advantage of
every opportunity to guide future developments so as to produce the
greatest good over the^ longest time and provide for orderly development of substitute water supplies or transition to an economy requiring less water.
QILA BEND BASIN

The Gila Bend Basin (Coates, D. R., in Halpenny and others,
1952, p. 159-164; Heindl and Armstrong, 1962) is a large area along
the Gila River between the Gillespie and Painted Rock Dams, west
of the Salt River Valley area. It also is a part of the proposed
Central Arizona Project area. The ground-water draft increased
from about 70,000 to 250,000 acre-feet per year from 1950 to 1960.
The lowering of ground-water levels has decreased the outflow to the
Gila River, and as a result the "salt balance" is unfavorable and the
ground water is becoming saltier. Both surface water and ground
water are transported from the northeastern, or Rainbow Valley,
part of the basin (White, publication pending) to the southwestern
area of inadequate or salty surface and ground water. As a result,
water-level declines have been greatest, as much as 100 feet in 1950-
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60, in the northeastern part of the basin. The depth to water in
the greatest part of the basin ranges from 45 to 270 feet.
As in the Salt River Valley, the ultimate solution lies in importation of water or reduction in water use. Control of phreatophytes
along the Gila River could ameliorate the problem to some extent.
(See Van Hylckama, 1962.) In a part of the stretch along the river
the rapid lowering in ground-water levels has reduced the phreatophytes' water supply and affected their growth somewhat one of
the few recorded cases in which the lowering has been rapid enough
to keep ahead of the efforts of the plant roots to follow the water
table downward (Johnson and Cahill, 1955, p. 20, 39-40).
Among the data needed to update those already available for use
in planning future water management is comprehensive information
on the movement and accumulation of salts in the water the whole
"salt balance" problem, which is about as serious here as it is anywhere in the United States.
Obviously, large quantities of salt water are available, awaiting
the success of researchers in the subject of saline-water conversion.
WATERMAN WASH AREA

The Waterman Wash area (Wolcott, H. N., in Halpenny and
others, 1952, p. 151-157; White, publication pending) lies along the
stream of that name between the lower Santa Cruz Basin and the
Gila Bend Basin and south of the Gila River valley. The development of ground water was in its early stages in 1950, when the
ground-water pumpage was about 17,000 acre-feet. As of 1960 it
had increased to about 60,000 acre-feet per year and was still rising.
The development is largely in the northern part of the area. Water
levels declined 50 to 100 feet in the 10 years, and the depth to water
in 1960 generally ranged from 150 to 350 feet. The water is moderately mineralized.
In recent years a large number of homestead applications have
been made in the area. If these are granted, the rate of ground-water
development probably will increase still further. Nevertheless, the
development is still moderate, and the opportunity for effective management is good if sufficient data can be gathered in time.
HABQUAHALA PLAINS

The Harquahala Plains (Metzger, 1957) lie along Centennial
Wash, which enters the Gila River from the north at Gillespie Dam.
The depth to water increases northwestward, tending to limit irrigation development in that direction. However, the development,
which began in 1951, reached the point in 1960 when 60 irrigation
wells pumped about 90,000 acre-feet of water. The depth to water
in the irrigated area ranged from 30 to 370 feet below the land sur-
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face in 1960, and the water levels were declining at rates of 1 to 20
feet per year.
Again, in this area, hydrologic information is meager and should
be increased so as to show the character and extent of the aquifers,
the current and prospective demand, and the rate of replenishment.
If gathered in time, the data will be of help in the establishment
of sound water-management practices before excessive depletion
has occurred.
MOHAVECOUNTY

Mohave County is a large area in western and northwestern
Arizona. The part south of the Colorado River is largely in the
Alluvial Basins region; that north of the Colorado, in the Colorado
Plateaus. Water is scarce except along the Colorado River. Current
developments of ground water are relatively few and small; they
are mainly for irrigation and municipal use. Included are developments along the Colorado River south of Davis Dam; in the Big
Sandy Valley (Morrison, 1940) the Wickieup area of the 1950
report (McGuinness, 1951a, table, p. 9; see also Feth, J. H., and
others, in Halpenny and others, 1952, p. 197); near Hackberry and
Truxton (Valentine area of the 1950 report, p. 9); near Kingman;
and in the Virgin River Valley (Feth, J. H., and others, in Halpenny
and others, 1952, p. 197-198).
A large amount of water could be obtained from the alluvium
along the Colorado south of Davis Dam by induced infiltration, but
such withdrawals would be subject to existing water rights.
The Hualapai Valley, which is north of Kingman and includes
the Red Lake playa, is a potential area for future development.
Much of the water is saline, and careful investigation would be
needed to determine where usable water could be obtained, and how
much.
The Sacramento Valley west of Kingman is another potential
source. The valley is drained by Sacramento Wash, which discharges into the Colorado River, and no large salty playa has
developed. Thus, the quality of the water should average better than
that in the Red Lake basin.
The Big Sandy Valley is only slightly developed and may offer
prospects for additional development. A part of the water used, for
irrigation comes from the Big Sandy River. Use of water by riparian
vegetation is being studied along Cottonwood Wash, a tributary of
the Big Sandy River (Hendricks and others, 1960).
The Bill Williams River valley, on the boundary between Mohave
County and Yuma County to the south, has a modest- surface- and
ground-water supply. It is one of the few areas in Mohave County
where more than a sketchy reconnaissance of water supply has been
made (Wolcott and others, 1956). The valley is tributary to Havasu
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Lake on the Colorado above Parker Dam; and though its contribution to the Colorado is not large, any substantial consumptive use
of water within the valley would have to be considered in relation
to water rights on the Colorado.
KAVAJO COUNTY

Navajo County, like Apache County to the east and Coconino
County to the west, lies in the Colorado Plateaus and is an area of
prevailing water scarcity. Irrigation development is limited by
water shortage and also because there is not much arable land and
the growing season is short. Considerable water from the Coconino
Sandstone is used for irrigation in the valleys of the Little Colorado
River and its principal tributaries, Rio Puerco and Silver Creek.
Some wells flow, but the depth to water in others is as much as 160
feet. Yields range from about 300 to 1,800 gpm. Water in the
Coconino is saline north of the Little Colorado River and is deteriorating in the valley itself. The Holbrook area is described by Harrel
and Eckel (1939) and Babcock and Snyder (1947), and the Joseph
City area northwest of Holbrook by Babcock (1948).
Moderate quantities pf ground water are withdrawn from the
Coconino Sandstone in the Snowflake-Taylor-Silver Creek-Show
Low area south of Holbrook (Johnson, 1962b). Large production
wells are being completed for a forest-products mill near Snowflake.
A little information is available on the quantitative hydrology of
the Coconino Sandstone in the area, but much more is needed to
form a basis for future development.
Whether runoff might be increased by vegetation management is
being considered in a sizable area in the southern part of the county,
south of Show Low. The area extends into Apache County on the
east and Gila County on the south.
An unusual occurrence of water in volcanic rocks in the Hopi
Buttes area is described by Callahan and others (1959).
As in Apache and Coconino Counties, additional development
from the Coconino Sandstone and other aquifers is possible but
much additional geohydrologic information is needed to indicate the
best areas for test drilling. In the Navajo and Hopi Indian Reservations in northern Apache, Navajo. and Coconino Counties (see
Apache County for references), careful studies of stratigraphy have
proved their value as means of deciding where to, or not to, drill
for domestic and stock water.
FIMA COUNTY

Pima County (Bryan, 1925; Andrews, 1937) is in the Alluvial
Basins region in south-central Arizona. It includes two heavily
developed areas and several where further development is likely.
The heavily developed areas are (1) the Avra Valley (Cushman,
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R. L., in Halpenny and others, 1952, p. 115-135), west of the Tucson
and Sierrita Mountains; and (2) the uppei^gtanta Cruz Basin along
the Santa Cruz River, which includes the Tucson area (Johnson,
P. W., in Halpenny and others, 1952, p. 101-113). Development in
the Avra Valley is continuous with that in the lower Santa Cruz
Basin in Final County. The Altar Valley, just south of and hydrologically continuous with the Avra Valley, is relatively undeveloped
and, though water levels are deep, probably can stand additional
development.
AVBA AND ALTAE VALLEYS

Ground-water development began in the north, in the AvraMarana area, and has spread southward. Even as of 1950, water
levels were declining in the area, owing to pumping in the area
itself and possibly to pumping to the north in Final County. During
the 1950's the area of water-level decline spread southward. Waterlevel declines during the decade ranged from 40 feet or more in the
northern part of the Avra Valley to 7 feet or more in the Altar
Valley, and the depth to water in 1960 ranged from about 190 feet
in the north to about 330 feet in the south. The area now considered
overdrawn coincides approximately with the Avra Valley, but
development is increasing in the Altar Valley to the south.
The substantial and increasing pumping lift and the fact that a
large percentage of the arable land is already irrigated wilf tend
to decrease the further spread of irrigation. However, the area is
one of possible future development for municipal and industrial
supply. Not enough quantitative geohydrologic information is available to enable predicting the response of the aquifers to continued
development and thus to provide a basis for effective management
of the water supply in the future.
TJPPEB SANTA CBTTZ BASIN

The upper Santa Cruz Basin begins in Mexico and extends generally northward to the Rillito Narrows about 15 miles northwest of
Tucson. It is the upper part of the Santa Cruz River valley, which
extends northward into Final County as the lower Santa Cruz
Basin. The part of the upper basin in Pima County is bordered on
the east by the Santa Catalina, Tanque Verde, and Rincon Mountains and the north end of the Santa Rita Mountains; on
the west by the Tucson and Sierrita Mountains; and on the
north by the Tortolita Mountains. Ground water is pumped heavily
for irrigation in a strip 1 to 2 miles wide along the Santa Cruz
River in the northern part of Pima County and for municipal and
industrial use in the vicinity of Tucson. Pumpage in the "middle
part" of the Santa Cruz Basin of the 1950 report (McGuinness,
1951a, table, p. 8), the part coinciding roughly with the part of the
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basin in Pima County, was about 150,000 acre-feet in 1950 and was
about the same in 1960, having increased in the Tucson area and
decreased somewhat in parts of the remaining area. The depth to
water in 1960 ranged from about 10 feet near Tanque Verde Wash
to 260 feet or more in parts of the heavily pumped area and near
the foothills. Water levels in some places near the river rose during
the decade, owing to recharge from the rvier, reduction in pumping,
or both. Away from the river, large declines have occurred.
Large future development for municipal and industrial use in
and near Tucson seems likely. Some of the development may be
at the expeAse <>f irrigation use, as irrigated land is purchased and
put to other i(ses. Also, the city of Tucson owns a small area in the
western part of the Avra Valley and has purchased some land along
the San Pedro jRiver in Cochise County as future sources of water
supply. A well] drilled recently in southeastern Tucson penetrated
water-bearing material as deep as 2,000 to 2,500 feet below the surface, and considerable deep drilling is likely in the futur^. j The
relation of deep and shallow aquifers, the response of both to future
development, and the possibilities of artificial recharge remain to
be determined. An area east of Tucson has been evaluated for possibilities of artificial recharge of surface runoff (Rlllito Creek Hydrologic Research Committee and U.S. Geol. Survey, 1959). The geology
of the San Xavier Indian Reservation, southwest of Tucson, is
described by Heindl (1959), who is preparing a report on the ground
water.
OTHER ABEA8

Several areas in the part of Pima County west of the Avra and Altar
Valleys are lightly developed or underdeveloped and offer promise
for the future. These are described from east to west below. Most of
them are in the Papago Indian Reservation (Heindl, 1960a; Heindl
and Cosner, 1961; Heindl and others, 1962), on which a comprehensive report on geology and ground water is in preparation. A reconnaissance report was prepared by Bryan (1925).
First is a basin between the Roskruge Mountains on the east and
the Santa Rosa Mountains, Vaca Hills, and Comobabi Mountains on
the west. Then comes the Santa Rosa Valley between the Santa
Rosa and Comobabi Mountains on the east and the Vekol, Cimarron,
and Quijotoa Mountains on the west; this valley swings westward
around the south end of the Quijotoa Mountains and joins the southward-draining San Simon and Quijotoa Valleys on the west. These
two valleys form a continuous area running southward from the
Maricopa County line to the Mexican border. A small basin, which
is separated from the Quijotoa Valley to the west, lies southwest of
the Cimarron Mountains and northwest of the Quijotoa Mountains.
The Ajo Valley is a small basin west of the Quijotoa Valley, north-
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east of Ajo and west of the Sikort Chuapo Mountains. The alluvium
in the Ajo Valley is water bearing, but the most productive aquifers
are volcanic rocks beneath several hundred feet of alluvium. In
the northwestern part of the county, the Growler Valley runs northnorthwestward across the southwest corner of Maricopa County into
Yuma County.
These valleys have moderate to large ground-water storage but a
low rate of replenishment.
FINAL COUNTY
LOWEB SANTA CBTJZ BASIN

The lower Santa Cruz Basin (Cushman, E. L., in Halpenny and
others, 1952, p. 115-135; Easter and Hardt, 1961), including the
adjacent part of the Gila Eiver basin, is the second largest irrigated
area in Arizona about 290,000 acres. On the north it adjoins the
Salt Eiver Valley, the northwest corner of Final County lying not
far above the junction of the Gila and the Salt. The basin had
already been substantially overdrawn as of 1949, when the total
pumpage was about 1,100,000 acre-feet and the recharge was estimated at 135,000 acre-feet. Continued withdrawal of more than a
million acre-feet per year resulted in water-level declines of 20 to
more than 100 feet in 1950-60. The declines were least in the northeastern part of the basin, where some surface water is available for
irrigation, and greatest near the foothills in the western part. Pumping lifts in 1960 averaged more than 200 feet in large areas and were
400 to 500 feet locally.
Geohydrologic information is inadequate to form a basis for
prediction of the results of continued pumping. There is some
indication that the upper part of the valley fill, from which most
of the water is pumped, is more productive than the lower part, and
that the upper part has been nearly dewatered in some areas. (See
also Salt Eiver Valley, Maricopa County.) If enough information
were available, an electric analog model of the basin could be constructed and would be very helpful in future water management.
How difficult it will be to construct such a model is shown by the
fact that accurate logs are available for only a few of the thousands
of wells that have been drilled.
Some water is wasted by phreatophytes along the Gila Eiver,
and perhaps a part of this water could be salvaged for beneficial use.
Information on ground water in the Chuichu area of the Papago
Indian Eeservation is presented by Yost (1953). Pinal County was
the site of a detailed study of the way in which ground water is
recharged from floodflows in a typical desert wash, Queen Creek, in
the northern part of the county (Babcock and Gushing, 1942). Page
(publication pending) discusses the water regimen of the inner valley
of the San Pedro Eiver near Mammoth, Pinal County.
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SANTA CRUZ COUNTY

The only important ground-water area in Santa Cruz County is
the uppermost part of the Santa Cruz basin (Johnson, P. W., in
Halpenny and others, 1952, p. 101-113), which extends southeastward across the county from Pima County on the north to the headwaters of the Santa Cruz River in Mexico on the south. The basin
is one of moderate rather than heavy development. The pumpage
in 1949 was about 31,000 acre-feet and has not increased in recent
years. Water levels in gerieral were higher in 1960 than in 1950,
as much as 20 feet higher locally, owing to increased recharge from
the Santa Cruz River.. The amount of arable land is small, but
the area is one of potential future development for municipal and
industrial use. Data are needed for quantitative determination of
storage, recharge, and discharge so as to enable evaluating the possibility of achieving a balanced long-term development.
YAVAPAICOUNTY

Yavapai County is divided between the Colorado Plateaus and
the Alluvial Basins region. The Mogollon Rim crosses the county
from southeast to northwest.
VERDE VALLEY

The Verde River flows off the Colorado Plateaus and southward
to the Salt River east of Phoenix. A part of the Phoenix municipal
supply is obtained from infiltration galleries along the Verde north
of the junction. Farther north, in the vicinity of and northwest of
the junction of Fossil Creek, more than 100 domestic and 10 irrigation wells obtain water from a unit of the valley fill called the
Verde Formation, of Pliocene(?) or Pleistocene age, at depths
generally between 100 and 200 feet (Feth, J. H., and others, in
Halpenny and others, 1952, p. 200). Fifteen of the wells flow; the
water levels in the others range from near the surface to 150 feet
below. Additional but unknown quantities of water probably are
available from the formation, and further development is likely.
The quality of the water appears to be deteriorating in the northern
part of the area of development, however. In the upper part of the
drainage basin in the vicinity of the Coconino County line, near
Sedona, Coconino County, wells generally 200 to 600 feet deep obtain water from sandstone of the Supai Formation, which farther
north underlies the Coconino Sandstone. The development is too
recent for the effect of the withdrawal to be predicted. The area
is a part of a larger area in the upper Verde River basin in Yavapai and Coconino Counties where consideration is being given to
the possibility of increasing runoff by vegetation management.
Present development in the Verde Valley is small enough that
the available information is nearly adequate to guide it effectively.
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More information will be needed as development increases, however, both to avoid fruitless drilling and to evaluate the effects of
larger withdrawals on the hydrologic system of the valley.
CHINO, SKULL, AND PEEPLES VALLEYS

The Chino, Skull, and Peeples Valleys (Babcock and Brown, 1947;
Feth, J. H., and others, in Halpenny and others, 1952, p. 199-200)
are small alluvial basins respectively north, west, and southwest of
Prescott. Some water from wells is used for irrigation. Except for
periodic measurements of water levels, which indicate no downward
trend, very little hydrologic information is available. More information is needed as a basis for guiding the additional development
that is likely to occur in these basins. Some artesian water is lost
through leaky well casings into shallow alluvium in the Chino
Valley.
OTHEB ABEA8

The upper end of the McMulien Valley (Kam, 1961), an area of
moderate development, lies athwart the Maricopa County line in
southwestern Yavapai and northwestern Maricopa Counties. (See
Yuma County.) The alluvial deposits developed in the Chino Valley extend northwestward to and beyond the Coconino County line
in the vicinity of Seligman. This area seems capable of some additional development. At the west-central edge of Yavapai County
is the eastern part of a large alluvial area, most of which is in
Mohave County, which also seems capable of further development.
TTJMA COUNTY

Most of Yuma County is described in a reconnaissance report on
the lower Gila region by Koss (1923).
,
PALOMA8 PLAIN

The Palomas Plain (Feth, J. H., and others, in Halpenny and
' others, 1952, p. 201-202; Armstrong and Yost, 1958) includes the
pateland and Hyder areas of the 1950 report (McGuinness, 1951a,
table, p. 8). It lies in western Maricopa and eastern Yuma Counties
and is bounded on the west by the Palomas, Tank, and Kof a Mountains. The Little Horn Mountains, Clanton Hills, and Gila Bend
Mountains bound the area on the north, and a southern projection
of the Gila Bend Mountains and the Painted Kock Mountains bound
it on the east. It extends for a considerable distance on either side
of the Gila Kiver. Development in the area is moderate, pumping
is fairly well distributed, and water-level declines have been moderate. They have been greatest in the eastern part of the area where
it adjoins the Gila Bend area. In 1948 the withdrawal in the western
part (Dateland area) was about 5,300 acre-feet; development in the
eastern part (Hyder area) was just beginning. In the decade 1950-60
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the maximum ypfcrly pumpage was about 40,000 acre-feet. The depth
to,water was £0 to 265 feet below the surface in 1960.
Further development seems feasible if .wells are. adequately spaced
to take advantage of ground-water storage and minimize mutual
interference. Data are lacking as a basis for correct decisions as to
desirable well spacing and for predicting future effects of withdrawal.
WELLTON-MOHAWK ABEA

The Wellton-Mohawk area (Babcock and others, 1947) is along
the Gila River east of the Gila Mountains and west of the Palomas
Plain. As of 1950 (McGuinness, 1951a, table, p. 8) the ground
water was overdeveloped (pumpage about 50,000 acre-feet in 1948) ;
water levels were declining and the salt content of the water was
increasing because outflow to the Gila River had been decreased.
This area is now supplied with 'water from the Colorado River.
Of 60 irrigation wells used in 1952, only 10 were pumped in 1959.
Water levels have risen, and waterlogging is now a problem. A
drainage canal has been constructed and discharges into the Gila
River below the area. Pumping of wells to lower the water table
may prove helpful in some places. Additional information on hydrology, especially on salt balance within the area and on downstream
changes in water quality resulting from the new situation, is needed
as a basis for effective water management.
SOUTH GILA VALLEY AND TUMA MESA

Colorado River water has long been used for irrigation, both in
the South Gila Valley (Yuma area) and on the higher Yuma Mesa
to the east. Substantial areas in the valley are waterlogged. The
causes and possible cures of the waterlogging are the subject of
several reports (Brown and others, 1956; Tipton and Kalmbach,
Inc., and Jacob, 1956; Jacob, 1960), and further study of the entire
lower Colorado River basin is underway.
Corrective measures now being attempted include pumping ground
water and using the water for irrigating additional land, and
reducing the amounts of irrigation water applied.
MCMULLEN VALLEY AND KANEGBA8 PLAIN

The McMullen Valley (Feth, J. H., and others, in Halpenny and
others, 1952, p. 201; Kam, 1961) is in northeastern Yuma County,
between the Harcuvar Mountains on the northwest and the Harquahala Mountains on the southeast. It extends into Maricopa and
Yavapai Counties. The Ranegras Plain (Metzger, 1951) is southwest
of the McMullen Valley. The plain is part of a broad alluvial lowland, interrupted by low mountains, which extends southeastward,
parallel to the Harquahala Plains of Maricopa County, to the Palomas Plain and the Gila River and northwestward toward the
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Colorado River. Its northwest end is the Bouse area of the 1950*
report (McGuinness, 1951a, table, p. 10).
The McMullen Valley and the Ranegras Plain are areas of moderate ground-water development. Difficulty in locating good wells
and great depths to water have tended to hold down development
except in 1 or 2 intensively pumped localities. In the areas as a
whole, development increased little in the last 5 years of the decade
1950-60. Water levels have shown slight to moderate declines. Depths
to water ranged from about 30 to 430 feet in 1960.
Additional information is needed on the extent, character, and
replenishment of the aquifers, both to facilitate further development and to serve as a basis for its effective guidance.
OTHER AREAS

The Butler Valley, traversed by Cunningham Wash, extends
northeastward off the northwest end of the Ranegras Plain. It is an
area of potential development. Other potentially productive areas
on the north side of the Gila River include the plain that extends
northwestward from the Gila Valley between the Palomas and Kofa
Mountains on the northeast and the Castle Dome Mountains and
Signal Butte on the southwest; and the Castle Dome Plain, which
extends northwestward from the Gila River valley southwest of
Signal Butte and the Castle Dome Mountains.
Among areas of possibly substantial ground-water supply entering the Gila Valley from the south are the San Cristobal Valley,
east of the Mohawk Mountains, the Mohawk Valley across the
Mohawk Mountains to the west, and the Lechuguilla Desert lying
across the Copper Mountains from the Mohawk Valley and entering
the Gila Valley in the vicinity of Wellton.
All these potentially productive areas probably'liave moderate to
large ground-water storage but low rates of replenishment. Also,
the water is mineralized in parts of the areas.
k

ATTEMPTS AT LEGAL CONTROL

Arizona follows the doctrine of prior appropriation for surface
streams and "definite underground streams" and the common law for
"percolating ground water." Ground water is assumed to be percolating unless shown to constitute a "definite underground stream"
(McGuinness, 1951b, p. 18).
The Ground water Act of 1945 (Arizona State Land Department,
1954) defined ground water as "water under the surface of the earth,
regardless of the geologic structure in which it is moving." The act
required the registration of irrigation and drainage wells, the filing
of a notice of intention to drill and completion of the well within a
year (or the filing of a new application), and the filing of logs of
wells.
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The Groundwater Code of 1948 (Arizona State Land Department, 1961) provided for the designation of "ground-water basins"
and "critical groundwater areas"; a permit is required for construction of irrigation wells in critical areas. Under this code were designated the following critical areas: Eloy area in the lower Santa
Cruz Basin in Final County (Apr. 4, 1949); the Queen CreekSupersitition area in the southeastern part of the Salt Kiver Valley
in Maricopa and Final Counties (Jan. 16, 1951); the Gila-Santa
Cruz area in Final County, joining the Eloy and Queen CreekSuperstition areas on the east and extending to the Maricopa County
line on the west (June 19, 1951); and the Salt Kiver Valley area
extending westward from the north end of the Queen Creek-Superstition area (Sept. 1, 1951). Together these areas take in the areas
Of heaviest pumping and greatest declines of water levels in southcentral Arizona.
Senate Bill 56 of the Arizona Legislature (chap. 49, laws of 1952,
effective Mar. 17) created an Underground Water Commission and
prohibited pumping from wells in critical areas that were not completed prior to the effective date. This law was repealed by Senate
Bill 107 (chap. 42, laws of 1953, effective Mar. 18), which established
a "restricted area" including the critical areas described above and
extending beyond them in places, especially to fill the gap between
the Salt Kiver Valley and Gila-Santa Cruz areas and to take in substantial areas east of the Eloy area and southward along the Santa
Cruz into Santa Cruz County and into the Avra Valley. The
restricted area was "closed to new agricultural development through
the use of ground water," and no new irrigation wells were to be
drilled until March 31,1954.
House Bill 367 (chap. 86, laws of 1954, effective Mar. 31) extended
the drilling restrictions until March 31, 1955. Senate Bill 135 (chap.
160, laws of 1954, effective Apr. 22) confirmed the designated critical
areas; ordered hearings for possible establishment of additional
critical areas within the restricted area; and prohibited the issuance
of permits for new wells to irrigate land not already under cultivation within the restricted area, the use of ground water for irrigation
from any well drilled in violation of the 1948 code or Senate Bill
107, and the use of water for irrigation from any "exempted well"
(domestic, stock, industrial, municipal, utility, transportation) as
defined in the 1948 code.
The laws are cited in some detail to show the extent of the State's
effort to keep the upper hand over ground-water development.
Because overdraft was already substantial in large areas by 1948
and because none of the laws require a cutback in (lawful) pumping
that began prior to the dates of their enactment, they are able only
to prevent an increase in overdraft, not to reduce it. Under present
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conditions, therefore, the limitations on overdraft are mainly physical and economic increasing pumping lifts, decreasing yields of
wells, and deterioration of water quality rather than legal.
PKOSPECTS AND NEEDS

Arizona's water problem is grave. The beautiful scenery, fine climate, and fertile soil, like those of other Southwestern States, have
combined to entice an ever larger number of people to settle there,
and water demands have grown accordingly.
The State is embarked on the mining of ground water in its major
reservoirs. The ground-water resources of the Colorado Plateaus
can be developed, in large part, on a perennial basis, mainly because
they are too small in most places to stand heavy pumping. Unquestionably, problems of overdraft will arise in the Colorado Plateaus
where productive parts of the best aquifers are located and pumped
for all they are worth. In the Alluvial Basins region, large-scale
pumping inevitably will deplete the supply. Even the alluvial basins
unpumped or lightly pumped to date have generally low rates of
replenishment, and pumping at rates that will yield economic returns
similar to those from presently developed basins are bound to exceed
replenishment.
Arizona now uses much of the surface water readily available to
the State at present a little more than 2 million acre-feet per year.
The rest of the present average use of about 6.6 million acre-feet
per year is supplied from wells, and the overdraft is estimated at 3
million acrea-feet per year, or more than 2Vk bgd (State Officials,
1960, p. 6). The State estimates the additional requirement for a
total projected population of 2,750,000 to 3,000,000 by 1980 at half
a million acre-feet per year. This amount, roughly 300 gpd per
capita for the new population, would provide for both domestic uses
and expected industrial uses. If irrigated acreage is not to be
reduced below the approximately 1,250,000 acres of 1958, the groundwater overdraft of abqut 3 million acre-feet per year will have to be
made up. Thus the total new water needed to maintain the present
irrigated area and supply growing population and industry would
be about 3.5 million acre-feet per year, or a little more than 3 bgd.
The State estimates that, of about 80 million acre-feet of precipitation received annually, only about 10 percent can be beneficially used
under present conditions about 4.2 million by timber and forage
crops, about 2.3 million which is captured and stored in surface
reservoirs, and about 1.5 million which recharges the ground-water
reservoirs. Methods of capturing unused floodflow which now evaporates uselessly and of increasing runoff by watershed management
are being studied actively. Salvage of even a small proportion of
the present losses would add substantially percentagewise to the
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State's water supply. Induced increases in precipitation, also being
studied, are another possibility for increasing water supply available
for beneficial uses, but the results of experiments to date are not
encouraging. Also, conversion of saline water would add to the
supply, in part temporarily where the stored saline water was
depleted year by year but in part perennially where the practice
resulted in the salvage of saline water now discharged by evapotranspiration.
Finally, the State (State Officials, 1960, p. 8) looks to regional
water planning and interstate cooperation as an approach that may
eventually lead to importation of surplus water from other States
to maintain and support Arizona's economy as a vital part of that
of the region and the Nation.
ARKANSAS
Large and well-sustained water supply and few serious water problems to
date. Precipitation ranges from about 43 inches or a little less to about 56
inches, increasing generally southward and southeastward. Runoff between
10 and 15 inches in northwest corner of State, rises above 24 inches in Boston
and Ouachita Mountains, and is generally 16 to 18 inches in Coastal Plain in
southeastern half of State; averages about 17 inches for total of 39 bgd. State
receives large quantities of water from outside in White River and tributaries.
Arkansas River, and Red River and tributaries and has access to Mississippi
River along east edge.
Ground water available in at least small to moderate quantities from a few
gallons to a few hundred gallons per minute throughout State. Larger supplies available locally in northwestern half, especially in northern tier of
counties in Ozark Plateaus and in White, Arkansas, Ouachita, and Little River
valleys. Ground-water supplies largest in Coastal Plain, especially in
Mississippi Alluvial Plain in east.
Withdrawal use of water, all fresh, in 1960 about 1.5 bgd, 51 mgd surface
water and 48 mgd ground water for public supply; 18 and 33 mgd for rural
supply; 313 and 147 mgd for industrial supply including 270 mgd surface
water and 7 mgd ground water for public-utility fuel-electric power; and 150
and 770 mgd for irrigation, plus conveyance loss of 73 mgd. Hydropower use
about 8.2 bgd.
Gradual depletion of ground water in Grand Prairie region of Mississippi
Alluvial Plain and poor quality of ground water in certain aquifers in
substantial areas are chief ground-water problems. Substantial hydrologic
information available and more being actively gathered to support rapid
industrial and agricultural development.

Arkansas is divided roughly into northwestern and southeastern
halves by the southwestward-trending boundary of the Coastal Plain
(pl. 1). The northwestern, higher, and more rugged half includes
parts of the Ozark Plateaus and Ouachita provinces of the Interior
Highlands physiographic division. This half falls in the Unglaciated
Central ground-water region as defined by Thomas (1952a). The
southeastern half is in the Coastal Plain province (Atlantic and Gulf
Coastal Plain ground-water region of Thomas). The western part
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of the Coastal Plain in Arkansas is a part of the slightly dissected
West Gulf Coastal Plain, underlain by southward-to southeastwarddipping strata of Cretaceous and Tertiary age. The eastern part,
constituting about the eastern quarter of the State, is a part of the
young, flat Mississippi Alluvial Plain, interrupted only by Crowley3
Ridge. The ridge is an erosion remnant of Tertiary rocks protruding through and standing above the Quaternary sediments of the
Alluvial Plain. The Tertiary rocks in the ridge are capped by
deposits of Quaternary age including gravel and sand and, at the
top, as much as 100 feet of the wind-deposited silt called "loess,"
as are the similar rocks in the bluffs east of the Alluvial Plain in
Tennessee and Mississippi.
The northwestern, or Interior Highlands, half of the State is
underlain chiefly by consolidated sedimentary rocks of Paleozoic
age. It is prevailingly hilly or mountainous, ranging in altitude
from a minimum of 250 to a maximum of 2,800 feet. It includes
parts of 2 sections each of 2 physiographic provinces, from north
to south the Springfield-Salem plateaus and the Boston Mountains
section of the Ozark Plateaus province and the Arkansas Valley
and Ouachita Mountains sections of the Ouachita province. The
Arkansas Valley section is hilly to mountainous, though lower than
the adjacent sections, and it does include the alluvial valley of the
Arkansas River, as much as 6 miles wide and averaging 2 or 3 miles
and totaling about 200 square miles in area within the State. The
Interior Highlands are interrupted also by other, smaller valleys,
especially those of the White and Ouachita Rivers.
The Coastal Plain is underlain by a southward- to-southeastwardthickening wedge of relatively unconsolidated sedimentary rocks
of Cenozoic and Mesozoic age, in turn underlain by rocks similar
to those exposed in the Interior Highlands. It is relatively flat,
ranging in altitude from 100 to 600 feet.
The average precipitation in nine areas into which the State has
been divided by the U.S. Weather Bureau (1960b) ranges from
43.13 inches in the north center (north-central 8 counties) to 50.91
inches in the southeast (southeastern 6 counties). The range at
individual stations is from less than 43 to about 56 inches. In a
substantial part of the Interior Highlands the precipitation is
between 48 and 52 inches, and it averages about 54 inches in the
central part of the Ouachita Mountains. Along the boundary of
the Coastal Plain it ranges from 44 to 56 inches, and these figures
express the range in the Coastal Plain itself. In general, the tendency is for the precipitation to increase southward and southeastward toward the Gulf of Mexico.
According to an unpublished map prepared by the Surface Water
Branch of the U.S. Geological Survey in Arkansas, covering the
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water years 1937-57, the runoff is 16 inches or less in the northern
(Springfield-Salem plateaus) and west-central (western part of
Arkansas Valley section) parts of the Interior Highlands; and in
a small area in the Coastal Plain in the south-central part of the
State, south of Smackover Creek and south and west of the Ouachita
River. It rises to 24 inches or more in the central parts of the
Boston and Ouachita Mountains. It is about 18 inches along the
boundary of the Coastal Plain, and it decreases slightly southeastward, though below 16 inches only in the small area described above.
According to measurements, made in 1951 by C. H. Hardison of the
U.S. Geological Survey (unpublished data) from the runoff contours
of Langbein and others (1949) reproduced in plate 1, the runoff
in the State averages about 17 inches, which for Arkansas' 53,104
square miles would give a total of about 39 bgd.
Arkansas receives a large amount of water from outside in the
White River and its tributaries, in the Arkansas River, and in the
Red River and tributaries. The Ouachita River, the principal
stream of the south-central part of the State, receives virtually all
its flow in Arkansas from within the State. The White River heads
in northwestern Arkansas, flows into Missouri, and then reenters
Arkansas bringing in somewhat less than the approximately 4 bgd
measured in 1928-57 at Flippen, Ark. (U.S. Geol. Survey, 1960b, p. 1011). Tributaries of the White, especially the Current and Black
Rivers, bring in substantial additional amounts from Missouri. The
St. Francis River and tributaries bring in roughly a billion gallons per
day from Missouri; the water discharges into the Mississippi in
Arkansas.
The Arkansas River brings in about 20 bgd from Oklahoma, as
measured at Van Buren, Ark. (1927-57). It also discharges into the
Mississippi. The Red River and tributaries bring in a substantial
supply from Oklahoma and Texas. The flow at Fulton, Ark., below
the mouth of the Little River, was nearly 9 bgd in 1927-57; the river
turns southward and discharges into Louisiana after flowing only
a rather short distance in Arkansas.
In addition to the flow received from the north and west and
generated within Arkansas is that in the Mississippi River, which
forms the eastern boundary of the State south of the 36th parallel.
The average flow is a little more than 210 bgd at Memphis, Tenn.
(1933-57), and a little more than 260 bgd at Vicksburg, Miss. (192857).
Thus in its own runoff and that received from outside or flowing
along its boundaries Arkansas has a very large surface-water supply.
It has a large ground-water supply also, as is apparent from the fact
that about two-thirds of the withdrawal use of about 1.5 bgd in the
State in 1960 came from the ground.
671316 O 63
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GROUND-WATER RESOURCES

Geohydrologically, as well as physiographically, the State is divided sharply into two parts. The northwestern half is one of
ground-water supplies that are prevailing small to moderate (though
generally ample for domestic use); the southeastern half, one of
generally large supplies (Lohman and Burtis, 1953a, b). There are
important exceptions in both regions, however.
INTERIOR HIGHLANDS

Ground water in the Ozark Plateaus province occurs in fractures,
many of them solutionally enlarged, in thick strata of limestone and
dolomite, in the fractured quartzose rock called "chert," and in sandstone. The sandstone is more consistently productive than the other
rocks, but the greatest well yields (and the largest springs) come
from the limestone and dolomite in the northern part of the region,
the Springfield-Salem plateaus. Well yields in the Springfield-Salem
plateaus range from 50 gpm or less in the southern part to as much
as 500 gpm in the northern part, especially in the northern tier of
counties.
The Boston Mountains are formed of shale and sandstone which,
like the rocks of the plateaus to the north, are flat lying or gently
tilted and folded. Well yields are generally less than 50 gpm.
The Ouachita Mountains are built principally of shale, chert, and
sandstone. Strong structural deformation of the rocks has created
many fractures, which are water bearing. The average well yield is
less than 50 gpm but is higher than that in the Boston Mountains.
The famous Hot Springs issue at the base of the mountains, their
heat presumably comes from still-cooling igneous rocks at depth.
The Arkansas Valley section between the Boston and Ouachita
Mountains is a broad area which is generally lower than the adjacent mountains but which itself has considerable relief. It is
underlain by strata of shale, siltstone, and sandstone which are generally flat lying, are gently folded near the Boston Mountains, and
are more highly folded near the Ouachita Mountains. Topographically the section includes ridge-and-valley areas, rolling lowlands
and synclinal mountains (mountains formed by the relatively dense,
compressed rocks at the bottoms of folds), and cuestas (sharp ridges
formed at the outcrops of steeply dipping resistant beds).
The principal aquifer in the bedrock of the Arkansas Valley section is the Atoka Formation of Pennsylvanian age, which consists of
shale and sandstone. Wells generally yield less than 50 gpm, but
yields of that amount or more are available locally. The most productive rock is not sandstone but hard, fractured shale adjacent to
sandstone beds. The formation is important not so much because of
productivity as because it underlies a large area.
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The most consistently productive aquifer in the Interior Highlands in the State is the alluvium along the Arkansas River a
"watercourse" (Lohman and Burtis, 1953b). Not many largecapacity wells have been drilled in the alluvium to date, but yields
are reported to^ range from 300 to 750 gpm and to average 500 gpm.
As in alluvium everywhere, it is to be expected that there are areas
of thin or poorly permeable alluvium that would yield much less
than the average. Large supplies could be developed in places by
induced infiltration from the river.
Because of the moist climate and the rapid circulation of water
through the openings in the consolidated rocks of the Interior Highlands (most of the openings are in the zone within a few hundred
feet of the land surface), the quality of the water in these rocks is
generally good. Nearly all the water is hard, however, and some
of it contains excessive iron complaints that are characteristic of
ground water in a large part of the United States and the world.
The alluvium, along the Arkansas River yields water of similar
quality in most places. The Arkansas River, which farther upstream
in Oklahoma and Kansas is affected by inflow of saline water both
natural' and man-induced, tends to improve in quality as it flows
eastward in Arkansas because of increased runoff. At times, however, the river water is of poor quality, and this factor must be considered in planning withdrawals of ground water that will be
replenished by induced infiltration from the river.
COASTAL PLAIN

The Coastal Plain is underlain by southward- to southeastwarddipping (and -thickening) strata of unconsolidated to slightly compacted and cemented clay, silt, sand, gravel, shale, limestone, and
lignite of Cretaceous and Tertiary age (Veatch, 1906a; Stephenson
and Crider, 1916). Beneath these strata are rocks of Paleozoic age
similar to those which come to the surface in the Interior Highlands,
but the Paleozoic rocks beneath the Coastal Plain are not tapped
by wells and at present are hydrologically significant only as the
"basement" on which the Coastal Plain strata rest. Overlying the
Cretaceous and Tertiary strata in valleys in the "West Gulf Coastal
Plain and throughout the Mississippi Alluvial Plain are flat-lying
unconsolidated sediments of Quaternary age, generally sandy and
gravelly in the lower part and finer grained above.
The rocks cropping out at the north edge of the Coastal Plain in
the western part of the West Gulf Coastal Plain are of Cretaceous
age (Counts and others, 1955). These rocks are not highly productive
as compared with the younger strata but generally yield enough
water for domestic use and, locally, for small municipalities or industries. Known well yields range from 1 to 300 gpm.
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In the eastern part of the West Gulf Coastal Plain, strata of
Tertiary age overlap the Cretaceous strata and lie against the rocks
of the Interior Highlands (Albin, 1961, 1962.) The Tertiary rocks
are the principal aquifers now used in the part of the West Gulf
Coastal Plain they underlie, as most wells are able to obtain more
water from them than from the underlying Cretaceous rocks. Also,
toward the southeast the water in the Cretaceous rocks tends to
become saline; even if it did not, these rocks dip rapidly to depths
that would be considered uneconomical for drilling in view of the
presence of water-bearing Tertiary rocks at shallower depths.
The yield of wells in Tertiary rocks ranges widely, from barely
enough for domestic use where the strata are fine grained to considerable depth to as much as 2,000 gpm. The Sparta Sand and
sand of the Cockfield Formation, both of Eocene age, are the most
important aquifers because of their great areal extent and generally
high permeability. In the southeastern part of the State these strata
are overlain by productive younger strata, but they are still tapped
by some municipal and industrial wells 600 to 900 feet deep.
At depth and downdip the water in the Tertiary strata tends
to become salty, but the zone in which they contain fresh water ranges
in thickness beneath the land surface from a few hundred feet to
1,000 feet or more.
Sediments of Quaternary age form terraces and bottom lands along
the major valleys of the West Gulf Coastal Plain, principally those
of the Ouachita River and its tributaries and the Red River and
its principal tributary the Little River. The deposits are generally
less than 100 feet thick and yield small to moderate supplies as
much as 400 gpm in Miller County.
The principal aquifer of the Mississippi Alluvial Plain is the
Quaternary alluvium, which is as much as 200 feet thick and yields
large quantities of generally hard water. There are many irrigation
wells, especially in the Grand Prairie rice-growing region, which
generally yield 1,000 to 2,000 gpm. The Grand Prairie is described
in several reports (Engler and others, 1945; Engler and others,
publication pending; Sniegocki,: 1955b, 1957; Sniegocki, reports on
hydrogeology and geochemistry, publication pending; Sniegocki and
others, publication pending; Counts, 1957). Three wells in Chicot
County in the southeast corner of the State are reported to yield
5,000 gpm each (Onellion and Criner, 1955).
Sands of Tertiary age beneath the Quaternary alluvium of the
Mississippi Alluvial Plain are tapped by wells when their typically
softer water is desired or where the alluvium is of low productivity
or its water is being depleted. Yields, though good up to 2,000
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gpm are generally smaller than those from the alluvium. In the
northeastern part of the plain in Arkansas, generally north of the
35th parallel, the "1,400-foot" sand of the Wilcox Group of Eocene
age, so called from its depth in Memphis, Tenn., yields large quantities of water for municipal use (Kyling, 1962). To the south
the "1,400-foot" sand is not recognized as a separate unit, the sediments of the Wilcox consisting of alternating, relatively thin strata
of sand and clay; the water in these strata is too salty to be satisfactory for ordinary uses. Locally, as in some areas west of Crowleys
Ridge, all the Tertiary strata yield saline water, so that fresh
ground water is available only from the Quaternary alluvium. And,
in places, even the Quaternary sediments contain saline water.
The quality of ground water in the Coastal Plain is variable, as
the water comes from sediments that are of many different types
and degrees of solubility, and in which the rate of circulation of
water varies greatly. The Cretaceous strata yield good water in
their outcrop area but contain mineralized water downdip, although
the rate of increase in mineralization and the type of mineral matter
vary considerably. The Tertiary strata generally yield soft or moderately hard water of the sodium bicarbonate type. The salt content
increases downdip and the type changes to sodium chloride.
Water from the Quaternary deposits is typically of the calcium
bicarbonate type and is hard; the iron content is variable and is
excessive in many places. The water is generally good for irrigation but may require softening and iron removal for domestic
and public supply, and these and perhaps other types of treatment
for industrial use.
GROUND-WATER DEVELOPMENT

Ground water is one of Arkansas' most important assets. It
makes possible many public-supply systems in small towns that could
not afford to build a treatment plant for surface water. It readily
supplies domestic and stock water in rural areas beyond public water
mains. In the Coastal Plain it supports large-scale irrigation, and it
is supporting ever more numerous and larger industrial operations.
In 1950 the total water use in the State (excluding hydropower
production) was something more than 1 bgd, of which something
more than 800 mgd was ground water. In 1960 the corresponding
figures were 1.5 bgd and 1 bgd (Stephens and Halberg, 1962). The
1960 use is summarized in the following table, in which the figures are
partly those of MacKichan and Kammerer (1961b) and partly those
of Stephens and Halberg.
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Million gallons per day

Use
Ground water Surface water
Public supply.._.__..._-_.___---_- _._._
48
51
Public-utility fuel-electric power__________
7
270
Self-supplied industry (excluding power production)______-----_ ---------------140
43
Irrigation:
Rice___--_-----------------_-------530
100
Other crops ----------------------240
50
Rural domestic and stock-________________
33
18
Totals (rounded)--.----------------

1,000

530

Total
99
277
183
630
290
51
1,530

In addition to the quantities listed for irrigation was a conveyance
loss of about 73 mgd, mainly surface water, lost by evapotranspiration or seepage between points of diversion and points of application to irrigated fields.
Hydropower use was 8.2 bgd, equivalent to a substantial fraction
of the runoff but much smaller than in many States, in some of
which multiple reuse for hydropower adds up to figures totaling
several times as must as the runoff within the State.
Arkansas today is one of the top 10 States in ground-water use.
The estimated use is summarized below, in millions of gallons per
day:
Tear

Use

1945
1950
1952
1954

______________________________ 550
____________________________ 800+
____________________________ 900
____________________________1,250

1960

___________________________1,000

The decrease from 1954 to 1960 is explained by the substantial
decrease in rice acreage resulting from crop controls, from about
700,000 acres in 1954 to 400,000 in 1960. The decrease in irrigated
rice acreage has been more than offset by increases in irrigated
acreage devoted to row crops; cotton acreage was 250,000 in 1960,
more than double that in 1954, and soybean acreage was 300,000,
more than 5 times that of 1954. These crops use much less water
than rice, however, so the total of 770 mgd of ground water used
for irrigation in 1960 represented a decrease of more than 20 percent
from the total used for irrigation in 1954, in spite of the overall
increase in irrigated acreage.
Use of ground water by public-supply systems increased about 70
percent from 1954 to 1960, and that by self-supplied industry (not
including fuel-electric power) by about 35 percent.
In spite of the reduction in irrigation and total use from 1954
to 1960, for which agricultural policy and rice's uniquely large
water requirements are responsible, it is apparent that water use
in Arkansas is trending upward.
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PROBLEMS

Arkansas has very few ground-water problems, aside from those
related to unavailability of large supplies in some areas, especially
in the Interior Highlands, and to poor quality of water in substantial areas. The chief one is depletion of ground water in the
Grand Prairie irrigated area in the Mississippi Alluvial Plain.
SUPPLY
In most of the Interior Highlands, supply is a problem in that
well yields rarely exceed 50 gpm and are generally less than 25 gpm.
Thus only domestic and stock needs and small municipal and industrial needs can be met in most of the region. Within the highlands
are several areas where moderate > and locally large supplies are
available; these are the northern tier of counties in the SpringfieldSalem plateaus of the Ozark Plateaus and the White, Arkansas,
and Ouachita River valleys.
In the Coastal Plain, supplies are moderate rather than large in
Crowleys Ridge and in most of the West Gulf Coastal Plain. At
the extreme west end of the Coastal Plain, especially in Little River
County except near the Little and Red Rivers, ground-water supplies
are generally small.
DEPLETION
GRAND PBA1BIE REGION

The principal problem of ground-water depletion is that in the
Grand Prairie region (Engler and others, 1945; Engler and others,
publication pending; Sniegocki, 1955b, 1957). There, for many years,
water has been pumped from the Quaternary alluvium at a rate
exceeding replenishment. The same tight subsoil that facilitates the
flooding of rice tends to impede recharge from the land surface,
and much of the replenishment must come from around the edges of
the rice-growing area. The productive section of alluvium is not thick,
so that the drawdown that can induce inflow from outside the area
is limited. Thus the heavy pumping from Quaternary deposits,
averaging 270 mgd in 1960, has caused water levels to decline as
much as 60 feet since the early 1900's, dewatering a large part of
the productive section, increasing pumping lifts, and reducing yields
of wells. Some wells have been drilled into the underlying Tertiary
sands to supplement or replace water from the Quaternary alluvium,
but the wells are more expensive, their specific capacity (yield per
unit of drawdown of. water level) is generally lower even though
yields of as much as 2,000 gpm have been obtained, and the interference between wells is greater and water levels are declining where
the Tertiary sands are pumped heavily.
The water from the Tertiary is higher in proportion of sodium
than water from the Quaternary and ordinarily would be consid-
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ered less suitable for irrigation (U.S. Salinity Laboratory Staff,
1954, p. 1-6). Rice may be a special case, however, for rice yields
tend to decrease with a rise in the pH of the soil (increase in alkalinity). It has been observed in the Grand Prairie region that irrigation with the calcium bicarbonate water from the Quaternary
alluvium has raised the pH of the soil from the. typical value of
about 5.0 under virgin conditions to 7.6 to 8.0 after 8 to 15 growing
seasons (R. L. Beacher, Arkansas Univ., as cited in Sniegocki,
report on geochemistry, publication pending). Nevertheless, the
other factors listed above in regard to the Tertiary aquifers prevent
them from offering a complete solution to the problem of depletion
of water in the Quaternary aquifer.
Some surface water is available locally, but only for areas near
streams and bayous, and the supply is commonly inadequate during
the summer.
Artificial recharge has been considered for many years as one of
the possible solutions to the problem. Except in a few areas where
sand partly replaces the typically fine-grained upper part of the
alluvium and lies within 10 feet of the land surface, recharge by
"water spreading" is impracticable, and recharge through wells or
deep pits would be necessary. The U.S. Geological Survey, with the
enthusiastic assistance of a broad group of Federal, State, and local
agencies and individuals, is carrying on research into the principles
governing artificial recharge through wells, both in the interest of
helping the Grand Prairie and in view of the possible application
of the principles discovered to numerous other areas throughout
the country (Sniegocki, 1955b, 1957; Sniegocki, two reports, publication pending; Engler and others, publication pending; Sniegocki
and others, publication pending). If artificial recharge through
wells proves to be feasible (results of studies to date, 1961, have not
been encouraging so far as artificial recharge through wells in the
Grand Prairie is concerned; for example, see Hem, 1960), water
will be obtained from surface sources. The White River is one source
that has been considered.
OTHER AREAS

The City of Pine Bluff and vicinity is an area of growing industrial activity, which has been especially marked during the last
decade. Large quantities of water are now pumped from the Sparta
Sand, and water levels have declined substantially near the heavily
pumped wells (Bedinger and others, 1962). Nowhere have they been
drawn down near the top of the sand, however. Whether this can
be called an area of depletion depends on economics; some uses
depending on low-cost water might become marginal as water levels
decline, but on the whole the situation is not yet serious.
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There are few other areas in Arkansas, such as the El Dorado and
Crossett areas (Baker and others, 1948; Hewitt and Baker, 1948),
where pumping has locally depressed water levels enough to increase
the cost of drilling and pumping, but as in the Pine Bluff area these
situations are not yet serious. The Ouachita River is a potential
source of water for both El Dorado and Crossett.
CHEMICAL QUALITY

Limitations on ground-water availability or use that are more or
less stringent are imposed by chemical quality in nearly all parts of
the State. Hardness is a problem in at least some aquifers in nearly
the whole State- In a considerable part of the Coastal Plain this
problem can be. met by using water from Tertiary or Cretaceous
sands rather thati jthe Quaternary. Ground water is locally high in
iron throughout the State, the problems of hardness and iron content
generally going hahd in hand. The largest area of hard, irony water
is the Mississippi Alluvial Plain, especially the western two-thirds
of it
! i
Limited thickness of strata containing fresh water of good ojaalijby
is a problem in, the northwestern part of the West Gulf Coastal
Plain. It is a problem also in the southeastern part of the State,
where the water in the Quaternary alluvium is hard and irony and
the uppermost Tertiary sands, those containing fresh, soft water, are
not highly productive and the deeper sands are saline.
POLLUTION

Ground water has been contaminated locally by industrial wastes,
as in the vicinity of the Pine Bluff Arsenal where certain wells were
affected by wastes containing arsenic (McGuinness, 1951a, table, p.
13). Ground water in areas of cavernous limestone in the Ozark
Plateaus, as in similar areas elsewhere in the country, is readily contaminated from surface sources and wells must be constructed properly to exclude polluted water.
Certain streams have been contaminated by salt water from oil
fields. Streams studied by the Arkansas Water Pollution Control
Commission include Bodcau, Cornie, Smackover, and Lapile Creeks,
Bayou Dorcheat, and the Ouachita River in Union, Columbia, Miller,
Lafavette, Ouachita, and Nevada Counties in the southern part of
the West Gulf Coastal Plain. Ground water adjacent to the contaminated streams is subject to saline contamination. In addition,
there will be danger of direct contamination of ground water by the
saline wastes if they are discharged into "evaporation ponds" or into
wells.
PROSPECTS AND NEEDS

Arkansas has a large total water supply and few water problems
so far; the principal ones are depletion of ground water in the
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Grand Prairie and contamination of streams in the oil-field areas
in the south. The State has, therefore, a bright future so far as
water is concerned, and that future is beginning to be realized in the
growth of industry characteristic of the South as a whole./If water
supplies are developed efficiently on the basis of good liydrologic
information and are protected sensibly from depletion and contamination, they can contribute greatly to Arkansas' growth. (See Mack,
1961.)
The "good hydrologic information" is available in part, but much
more is needed. The State, through the Arkansas Geological and
Conservation Commission and the Agricultural Experiment Station
of the State University, is cooperating actively with the US. Geological Survey in the necessary ground-water studies. The Grand
Prairie region and several counties or smaller areas have been covered
by published or open-file reports Ashley County, including the
Crossett area (Hewitt and Baker, 1948; Hewitt and others, 1949);
Chicot County (Onellion and Criner, 1955); Columbia County (Tait
and others, 1953; Crittenden County (Plebuch, 1962b); Drew County
(Onellion, 1956); Jefferson County (Klein and others, 1950); Mississippi County (Byling, 1962); the Murfreesboro area in Pike County
(Albin, 1962); the Little Rock and Jacksonville areas in Pulaski
County (Baker and others, 1951; Plebuch, 1962a); and the El Dorado
area in Union County (Baker and others, 1948) Similar descriptive
studies are underway in Ouachita, Calhoun, and Bradley Counties
and in the rapidly developing Highway 70 area between Little Rock
and Memphis, Term.," and are proposed for the remaining Coastal
Plain counties. Similar studies are proposed for Marion and Baxter
Counties in the Springfield-Salem plateaus, and more general
(reconnaissance) studies of all four divisions of the Interior Highlands Springfield-Salem plateaus, Arkansas Valley, and Boston and
Ouachita Mountains. A reconnaissance study of ground-water temperature is proposed for the whole State.
Ground-water-appraisal studies are being made in the Coastal
Plain as part of the Geological Survey's Mississippi Embayment
project, and in the Arkansas River valley in cooperation with the
Corps of Engineers (the latter including study of the relation of
stream levels to'ground-water levels; see Reed and Bedinger, 1961;
Bedinger and Jeffrey, publication pending; Bedinger and others,
publication pending). Appraisal studies are proposed for the Tertiary aquifers in the vicinity of Pine Bluff and in the Sabine, Red,
L'Anguille, lower White, Cache, and St. Francis River valleys.
Appraisal studies of occurrence of salt water, of natural recharge
to Quaternary and other aquifers, and of ground-water pollution
are proposed. Appraisal studies of specific problem areas are
scheduled as the problems arise.
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Studies of hydrologic principles include that now underway on
artificial recharge in the Grand Prairie region and that on stream
and ground-water levels in the Arkansas River valley, and proposed
studies involving interpretation of chemical-quality changes in
Quaternary aquifers, long-range effects of artificial recharge, land
subsidence in areas of heavy ground-water pumping, use of water
by phreatophytes, and geologic history and hydrology of limestone
terranes in northwestern Arkansas. Other proposed long-range
studies cover a wide range of subjects including multiple use of
water and conflicts that arise because of it, water law, and effects of
floods and droughts. It is apparent that planning to meet Arkansas'
future water needs has received a great deal of attention, and if the
plans are carried forward expeditiusly there will be every reason
for confidence.
The general lack of serious water problems to date has resulted
in a corresponding lack of legislation to control water use. There
is no statutory provision for regulation of ground-water use, the
common-law riparian doctrine being followed for ground water.
No. 81 of the Acts of 1957 of the General Assembly requires a
permit for constructing a dam and provides for the daily release of
the quantity of water, fixed by the State Water Conservation Commission, needed to maintain the low flow of the stream at a rate
approximating the predam low flow.
As water use increases and competition develops, as for municipal and industrial use and for both full-scale and supplemental
irrigation, the time may come when the State will need to enact more
restrictive legislation. Fortunately, there is promise that, by that
time, a substantial amount of the hydrologic information required
as a basis for the enactment of sound legislation will be available.
CALIFORNIA

Largest user of both surface and ground water in Nation and likely to
remain so for some time because of rapid growth in population 10.6 million
in 1950, 15.7 million In 1960, and expected to be 28 million by 1980. More total
man-years spent to date in ground-water investigations by Federal, State,
county, and local agencies than in any other State, but physiography, geology,
and problems of water supply and demand so varied that information gathered
to date satisfies only small part of ultimate need. Total average annual water
supply includes runoff of 70.8 million acre-feet (63 bgd; average for 53-year
period 1894-95 to 1946-17) within State plus claimed rights of 5,362,000 acrefeet in Colorado River. Runoff variable; ranged from 18.3 million acre-feet
in 1923-24 to 135 million in 1937-38, and in 1927-28 to 1936-37 was below
average every year and averaged only 49 million (69 percent of normal) for the
10 years. The potential developable water supply (based on feasible storage),
including Colorado River supply, was estimated by State in 1956 at 51.81
million acre-feet per year; ultimate water requirement estimated to be about
the same. Use of fresh water as of 1960 estimated at 24.7 million acre-feet,

176

ROLE OF GROUND WATER IN NATIONAL WATER SITUATION

including 3.01 million for urban areas and 21.7 million for agriculture; State
estimate of ultimate requirement raised to 55 million acre-feet per year.
Chief problems are twofold conservation and utilization of water supplies
and control of floods. Problems magnified by maldistribution of supply in
location supply greatest in north, whereas demand greatest in south; and in
timing supply may be above average (floods) or below average (water
shortage) for years at a time, and runoff is greatest in winter and spring
whereas need is greatest in summer. Thus large storage facilities (both surface
and underground) and transportation works needed to prevent flood damage,
conserve water in dry periods, and get water to points of use.
Water supply adequate to meet need but future projects very costly, as
low-cost reservoir sites already utilized. Ultimate cost of future projects
estimated by State at $12 billion (1957 prices). Much use to be made of cyclic
ground-water storage and pumping to supplement surface storage by taking
advantage of large aquifers. Need for full use of water necessitates minimum
use of flowing water for waste dilution and maximum protection of streams
and aquifers from contamination. Vegetation management to increase runoff,
evaporation control, seepage reduction, artificial recharge, and waste-water
reclamation regarded by State as moderately to highly promising for increasing
or extending water supplies; weather modification uncertain; desalinization
promising only for small uses, in absence of major breakthroughs in techniques
or energy costs.
California Water Plan, first planning for which was started in 1920's, was
first published in 1957 in California Department of Water Resources Bulletin 3.
First unit of plan was approved in 1960 elections. Plan is a comprehensive
proposal for providing needed facilities to meet ultimate water and flood-control
needs of State and eliminate ground-water overdrafts, estimated at about
5,000,000 acre-feet per year as of 1955. In addition to water supply for
irrigation and other withdrawal uses, benefits will include hydropower generation, control of salinity and pollution, improvement of navigation, and support
of recreation and fish and wildlife.

California lies principally in the Western Mountain Ranges and
Alluvial Basins ground-water regions but includes in its northeast
corner a small area of the Columbia Lava Plateau and a part of
the area of overlap between that region and the Alluvial Basins
region. Physiographically and geologically the State is dominated
by the major mountains the Klamath Mountains, Coast Ranges,
Cascade Range, and Sierra Nevada and the great Central Valley,
and by the various mountain ranges and desert basins of southern
and eastern California. The significant aquifers are those in the
valley fill, but there are some productive lava rocks in the northernmost part of the State.
The annual precipitation ranges from more than 110 inches in the
highest parts of the Klamath Mountains on the northwest coast to
less than 4 inches in .the southeast. The average annual runoff ranges
from more than 80 inches in the wettest area to nearly zero in the
southeast. The annual average for the State is about 71 million
acre-feet (1895-1947 water years), or a little more than" 8 inches.
Of the runoff, two-fifths is produced in the North Coast area, which
as defined includes the northern coastal ranges (the northern Coast
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Ranges and the Klamath Mountains) and a small part of the
Cascade Range, and which makes up only one-eighth of the State's
area. The South Coast area has about one-fifteenth of the State's
area and produces only 1.7 percent of the runoff, and the Lahontan
and Colorado Deserts cover one-third of the State and produce
only 4.8 percent of the runoff.
GROUND-WATER STUDIES

More effort has been devoted to studies of ground water, as well
as of water resources in general, in California than in any other
State a natural consequence of California's leadership in quantities
of water used. This report cites only a small fraction of the reports
on water that have been prepared, principally those of the U.S.
Geological Survey. The California Department of Water Resources
is the State's chief water-investigating and developing agency. It is
the principal State agency cooperating with the U.S. Geological
Survey, but the studies made independently by the Department are
much more extensive than the cooperative ones. A major series of
reports, published as bulletins of the Department of Water Resources
or its predecessor the Division of Water Resources, or by the California State Water Resources Board, summarize existing information
on the occurrence, availability, and current development of water
and describe possibilities for future development. The reports,
information on which can be obtained from the Department at Sacramento, cite the many previous reports that contain information
relating to the individual areas. The Department can also furnish
information on the function of and publications issued by other
State agencies charged with particular responsibilities in the field of
water, as well as those of the many county and local agencies and
university groups functioning in the field.
DESCRIPTION OF AREAS

California can be divided into seven large areas which constitute
major drainage basins or groups of drainage basins. These are
listed below, the last two being combined.
Area

North Coast_-------_--_-------------__-_
Central Valley___-_--_--__-_-_-_--_----__
San Francisco Bay______________________
Central Coast--------__--_----_--_---_--South Coast-..-------_--_-._-----Lahontan and Colorado Deserts.----------Total__

.

Percent of
total area

Percent of
runoff

Percent of
ultimate water
requirement

12.4
37.8
2.6
7.2
6.9
33.1

40.8
47.5
1.8
3.4
1.7
4.8

4.6
52.7
6.9
5.4
12.2
18.2

100. 0

100. 0

100. 0

It is apparent from the list that the North Coast area is the only
one having a surplus of water. The Central Valley area has more
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than average runoff three-eighths of the State's area and nearly
half the runoff but more than half the total water requirement. The
other five areas all have less than average runoff, and water requirements whose percentages of the State's total substantially exceed
their percentage contributions to the State's runoff.
In the following descriptions, information on such subjects as
pumpage and water levels is given for the latest year for which
specific data were available in the Sacramento district office of the
Geological Survey; or, for certain areas, later years as supplied by
the California Department of Water Resources in its review of this
section.
NORTH COAST AREA

The North Coast area (U.S. Dept. Interior, 1956) includes the
northern Coast Ranges, beginning a little north of San Francisco
Bay; includes the California part of the Klamath Mountains; and
swings eastward to take in the northernmost part of the Cascade
Range in California (the part that drains to the Klamath River
or Klamath Lakes), a small area of the Columbia Lava Plateau, and
the northward- and westward-draining part of the area shown by
Thomas (1952a) as one of overlap between his Columbia Lava
Plateau and Alluvial Basins ground-water regions. The North Coast
area is chiefly mountainous and rugged. In the Coast Ranges and
Klamath Mountains, the only important ground-water supplies are
those of basins which contain valley fill. In the Cascade Range and
the Columbia Lava Plateau, water occurs both in valley fill in basins
and in volcanic rocks, the latter being more permeable than the former in many places (Olmsted, 1956). Some of the most important
basins are described below. There are a few smaller ones of lesser
importance, such as the Hoopa Valley in Humboldt County, described
briefly below. Ground water in the northeastern part of the State
is jcurrently being studied by the California Department of Water
Resources.
__

BUTTE VALLEY
__
»

The Butte Valley area (Wood, 1960) includes about 600 square
miles in northeastern Siskiyou County at the northwest edge of
the part of the Columbia Lava Plateau known as the Modoc lava
plateau. It is a basin formed in permeable lava rocks. Surface
drainage is internal, but the basin is drained by subsurface flow to
the north through permeable volcanic rocks.
The valley floor is underlain by a thick sequence of fine-grained
sediments, mainly lake deposits, interbedded with lava flows. The
lake deposits are generally of low permeability and yield only small
supplies of water to wells. Lava rocks containing many interconnecting fractures and tubes, and locally coarse interbedded alluvium, are the chief aquifers. Ground-water pumpage for irrigation
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in 1953 was about 21,000 acre-feet; that for other uses was small.
Water-level data as of 1960 indicated that current ground-water
withdrawal was not exceeding recharge.
The ground water is generally of satisfactory quality, but in the
east-central part of the valley some of it has a high "percent sodium," probably derived from saline playa deposits hi valley fill.
SHASTA VALLEY

The Shasta Valley (Mack, 1960) is an area of about 250 square
miles in west-central Siskiyou County, between the Klamath Mountains on the west and the Cascade Range on the east. The eastern
part of the valley is surrounded and underlain by basalt and other
volcanic rocks, and the western part by older metamorphic rocks.
The valley contains alluvium and glacial deposits. The alluvial fill,
the glacial deposits, and the volcanic rocks all include permeable
members which are interconnected and constitute a single groundwater resorvoir. The valley is drained to the northwest by the Shasta
River and its tributaries.
The present annual water requirement is about 100,000 acre-feet
(Bulletin 83 of the Department of Water Resources shows 107,000
acre-feet as the ultimate annual water requirement of the Shasta
Valley "hydrographic unit") and the water is obtained mostly from
streams. Ground-water pumpage in 1953 was about 6,000 acre-feet.
Ground-water levels recover to about the same level each spring,
indicating no overdraft as of 1960.
SCOTT VALLEY

The Scott Valley area (Mack, 1958), including the Quartz Valley
and the Oro Fino Creek valley, includes about 800 square miles in
the Klamath Mountains in western Siskiyou County, about 15 miles
west of the Shasta Valley. The valley is drained northwestward by
the Scott River and contains a maximum of about 400 feet of alluvial
fill, which is the chief aquifer.
The ultimate annual water requirement of the Scott Valley hydrographic unit is shown in Bulletin 83 as 87,000 acre-feet. Only about
2,000 acre-feet per year is pumped from wells at present. There are
a few areas of local water shortage, but the supply is generally ample
for present and projected needs.
The water is generally of good quality. Its character generally
reflects the composition of the surrounding bedrock, showing that
the alluvium receives most of its water by infiltration from streams
draining the adjacent terrane.
SMITH RIVER PLAIN

The Smith River plain (Back, 1957) is an area of about 110
square miles in northwesternmost California, bordering the Pacific
Ocean in Del Nbrte County. The bedrock has no significant permea-
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bility, and the aquifers are marine-terrace deposits, alluvium (including stream-terrace deposits), and dune sand. Most irrigation wells
obtain their water from the alluvium, but a few low-yield irrigation
wells tap water in the marine-terrace deposits.
Ground-water pumpage in 1953 was about 2,400 acre-feet. There
is no evidence of overdraft or sea-water encroachment. Except for
a high iron content in a few localities the ground water is of good
mineral quality.
HOOPA VALLEY

The Hoopa Valley (Poole, 1961a) is in northeastern Humboldt
County, in the valley of the Trinity Kiver. The valley floor is about
7 miles long and averages about three-quarters of a mile in width.
Its area is about 5 square miles. The valley is cut in bedrock of
pre-Tertiary age which generally has no significant permeability.
The bedrock is overlain by alluvial sand, gravel, and boulders, which
reach a maximum thickness of at least 65 feet. The alluvial deposits
are moderately to highly permeable, but they are capable of yielding
large quantities of water only in areas where they consist of coarse
alluvial-fan or terrace deposits laid down by perennial tributaries of
the Trinity River.
EUREKA AREA

The Eureka area (Evenson, 1959) borders the ocean in northwestern Humboldt County. It is an area of about 425 square miles
including the Mad and Eel River plains and the area around Humboldt Bay. It is underlain by unconsolidated clay, silt, sand, and
gravel of marine and alluvial origin.
Ground-water pumpage in 1952 was about 15,000 acre-feet. There
is no evidence of overdraft as yet, but wells must be located away
from the estuaries of the rivers to avoid infiltration of sea water or
of the saline water that -fills the sediments beneath the estuaries.
UPPER EEL RIVER VALLEYS

The upper Eel River area includes the Round, Laytonville, and
Little Lake Valleys in the upper basin of the Eel River in northeastern Mendocino County (Cardwell, publication pending). Alluvium is the chief aquifer in all three valleys; the underlying bedrocks yield little water to wells. The total estimated ground-water
v/ithdrawal in the three valleys in 1954 was about 3,400 acre-feet.
There was no evidence of overdraft as of 1960.
RUSSIAN RIVER AREA

There are seven small alluvial basins alonff the Russian River
(idem). Beginning upstream these are the Potter, Ukiah, Sanel,
Alexander, Cloverdale, Healdsburg, and Lower Russian River
Vallevs. The total annual rmmpage from the alluvium in the seven
basins was estimated at 20,000 acre-feet as of 1954. In some localities
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additional water is obtained by pumping from the Russian River or
its tributaries. Ground water continues to feed the streams, and no
overdraft is anticipated in the near future.
The ground water in all the valleys is of generally good chemical
quality. Locally the boron concentration is excessive, and some of
the water is hard enough to need softening for domestic use. The
ground water adjacent to the tidal reaches of the Russian River is
saline.
SANTA ROSA VALLEY

The Santa Rosa valley (Cardwell, 1958) is in the northern part
of the structural trough that lies athwart the boundary between the
North Coastal and San Francisco Bay hydrographic areas as those
areas are defined by the State. The valley is tributary to the Russian
River and covers about 100 square miles, most of which is arable.
It is underlain to depths of several hundred feet by valley fill which
furnishes nearly all the agricultural water used in the valley. Pumpage of ground water ranges from 10,000 to 15,000 acre-feet per year,
and additional water is imported from the Russian River. The
ground-water reservoir is in an early stage of development and
shows no signs of overdraft, although there are local shortages of
water.
There are some problems of ground-water quality. Iron-precipitating bacteria have caused trouble in some wells of the city of Santa
Rosa. Bacterial contamination of domestic wells is suspected locally.
In two small areas the ground water contains excessive boron, presumably derived from connate sea water rising into the valley fill
along faults in the bedrock. The boron concentration in some wells
has been reduced by sealing off the sections of the wells tapping the
boron-bearing zones.
CENTRAL VALLEY AREA

The Central Valley area includes the Central Valley and the
drainage area tributary to it. On the east, the drainage area includes
the broad western slope of the Sierra Nevada and southern Cascade
Range; on the west, it includes the narrower eastern slope of the
Coast Ranges and the Klamath Mountains. The area is the largest
of the seven major areas of California. The Sierra Nevada is the
largest single mountain range in the Nation; the Central Valley,
filled mostly with the Sierra's debris, is the largest single alluvial
basin. The drainage area generates a little less than half the State's
runoff, and accounts for a little more than half the State's ultimate
water requirement. (See U.S. Bur. Reclamation, 1949.)
The area is drained by two major rivers, the Sacramento on the
north and the San Joaquin on the south, which give their names
to the two major segments of the Central Valley and which join in
671316 O 63
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the Sacramento-San Joaquin Delta to discharge into San Francisco
Bay.
Everything about the Central Valley is king sized area, runoff,
and ground-water potential, draft, and overdraft. The Sacramento
Valley is, in general, an area of water surplus; the San Joaquin, one
of water deficiency. The area as a whole has nearly enough water
to meet its ultimate needs, but the needs will be satisfied only through
implementation of a major share of the State Water Plan's proposals
for construction of surface storage, utilization of cyclic groundwater storage to stabilize streamflow and eliminate overdrafts, and
construction of water-transport facilities.
SACRAMENTO VALLEY

The Sacramento Valley (Bryan, 1923; Poland and others, 1951;
Olmsted and Davis, 1961) is the northern and smaller but wetter
"half" of the Central Valley. It furnishes the lion's share of the
Central Valley area's average annual runoff of nearly 34 million
acre-feet. It is an area of water surplus; that is, there is more
surface and ground water jointly available than is now used or will
be needed in the valley in the future.
The ground-water pumpage in 1954 was about 1.2 million acrefeet, of which more than half returned to the water table, according
to estimates made by the State Department of Water Resources. In
spite of the net draft of some hundreds of thousands of acre-feet of
ground water each year, the water table is less than 25 feet below
the land surface beneath much of the valley. As of 1954, only locally
near the valley margins was the depth to water more than 50 feet.
The ground water is recharged along the flanks of the valley by
infiltration of streamflow and by penetration of rainfall and excess
irrigation water. The water moves toward the Sacramento River,
which, in the reach north of the Sutter Buttes, receives a substantial
part of its base flow from ground-water discharge.
A few ground-water problems have developed in the valley in spite
of the large overall water supply. Local overdrafts have developed
in the so-called Peach Bowl of Sutter County west of the Feather
River; in parts of Sutter, Yuba, and Placer Counties east of the
Feather River; in the Fairfield area of Solano County north of Suisun
Bay (Davis and Olmsted, 1952; Thomasson and others, 1960) ; and
in a few other areas. The Fairfield area is tributary to San Francisco
Bay but is considered a part of the Central Valley area for the
purposes of this report because its water situation is closely tied to
that of the Central Valley. In southwestern Sutter County there
has been some encroachment of salty water into heavily pumped
aquifers. In Yolo County the ground water in areas irrigated with
the water of Cache Creek has a moderate to high content of boron,
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a fact reflected in the boron content of ground water in areas of
Yolo County that are irrigated with water from the creek.
The local deficiencies in Sutter and Yuba Counties very likely
could be made up by pumping ground water from areas where the
water table is high as a result of infiltration of surface water used
for irrigation, and transporting the pumped water to areas of
deficiency.
In the Fairfield area of Solano County the water-bearing deposits
.are thin and ground-water storage is small. At present the storage
is virtually depleted. The deficiency is to be made up by surface
water from the Monticello Reservoir on Putah Creek.
SAN JOAQUIN VALLEY

The San Joaquin Valley (Mendenhall and others, 1916; Piper and
others, 1939; Livingston, 1944; Davis and Poland, 1957; Davis and
others, 1959; Davis and others, publication pending; Wood and
Davis, 1959; Davis, 1961; Wood and Dale, publication pending)
makes up a larger part of the Central Valley than does the Sacramento Valley, but yields much less runoff. It has the largest groundwater pumpage of any single valley in the United States, and the
largest overdraft. About 9 million acre-feet of water was pumped
from irrigation wells during the year ended March 31,1956. Of this
amount, somewhat more than 1 million acre-feet was pumped from
deep wells on the west side of the valley: the rest was pumped from
shallower wells in other parts of the valley.
In spite of the tremendous draft, ground-water levels are generally
high in the Kings River and Kern River service areas recharge
areas on alluvial fans. In most of the east-side area extending northward from the alluvial fan of the Kings River to the north edge
of the Mokelumne River fan the northern 170 miles of the valley
water levels are not declining excessively and overdrafts are minor
and local (Davis and others, 1959; Davis and others, publication
pending).
A severe and long-continued overdraft exists on the east side of
the valley from the south edge of the Kings River fan to the north
edge of the Kern River fan an area extending from Visalia and
Hanford southward about 50' miles to Famoso. Estimates of overdraft in this area as of 1950 ranged from about half a million to a
million acre-feet per year. Importation, beginning in 1951, of
surface water in the Friant-Kern Canal has alleviated the overdraft
in a large part of the area.
In the Edison-Arvin area south of the Kern River fan a serious
local overdraft has developed in the past two decades and is increasing rapidly. Pumping levels in the area are as much as 500 feet below
the land surface. The magnitude of the overdraft is not known.
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On the west side of the valley in a 150-mile strip running southward from the Fresno-Merced County line, development of ground
water has taken place largely since 1935 and has been most rapid
since the early 1940's. Wells are deep, mostly 1,000 to 2,250 feet, and
are gravel packed. Many are pumped 24 hours a day for as much as
300 days a year. Water levels are generally declining 10 to 20 feet
a year, and pumping levels are at depths of at least 300 to 400 feet
in most of the area. Probably a major part of the pumping represents, an overdraft.
The ground water on the west side is rather highly mineralized,
especially in the uppermost few hundred feet. It has become the
practice to make use of this upper water by admitting it to wells
through the gravel pack. The wells are drilled deep enough that the
upper water is diluted by the deeper water of lower mineral content
so as to obtain a usable blend. Even so, some of the mixed water
contains as much as 2,000 ppm of dissolved solids. In addition,
gravel packing wells to their full depth affords passageways through
which the mineralized water at shallow depth can move downward
into the deeper zone at times when the wells are not being pumped.
On the other hand, the shallow water is lower in percent sodium
than the deeper water, so that the blend is better for irrigation at
least in that respect.
The water deficiency in the San Joaquin Valley existed as early as
1921 and was one of the major incentives for undertaking in that
year the studies that later produced the State Water Plan and the
Central Valley Project. It was concluded that not all the flood runoff in the San Joaquin Valley could be conserved economically in
surface reservoirs, so that irrigation requirements in dry years could
be supplied only by drawing on ground-water storage. To obtain
an assured water supply for the south half of the east side of the
valley will require putting the surplus runoff of wet years underground for withdrawal in dry years "cyclic storage." The volumes
of ground water to be withdrawn from storage in dry periods are
very large as much as 16 to 18 million acre-feet.
It has been assumed that, after a dry period, the net withdrawal
of 16 to 18 million acre-feet could be replenished in a few wet years
by excess irrigation and by percolation from stream channels, canals,
and ditches. The ground-water storage capacity in the zone between
10 and 200 feet below the land surface in the San Joaquin Valley
is estimated at 93 million acre-feet (Davis and others, 1959, p.
199-271), but it is not yet known how much of this capacity can be
used successfully for cyclic storage. Not enough is known of the
character and structure of the aquifers and confining beds to give
assurance that the artificial recharge can be accomplished, as has
been assumed, at a rate of not less than 3 million acre-feet per year.
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An investigational program .that would provide the necessary information was outlined by the U.S. Geological Survey (U.S. Bur.
Reclamation, 1949, p. 239-244), and the recommendations for study
have been or are being implemented in substantial part.
Surface water withheld in the southern San Joaquin Valley for
artificial recharge as discussed above will have to be replaced by
water imported from the Sacramento Valley. Development of the
necessary supply there could be facilitated by similar cyclic storage
of water in the ground. A recent report (Olmsted and Davis, 1961)
shows that the ground-water storage capacity of the Sacramento
Valley between depths of 20 and 200 feet is about 28 million acrefeet. This storage currently is being utilized to only a small extent
by the more than 13,000 irrigation walls now operating in the valley,
so that a large part of the storage capacity remains unused.
Land subsidence on a scale areal and economic unparalleled elsewhere in the United States and probably in the world, due to pumping of ground water or application of irrigation water, has affected
large areas in the San Joaquin Valley. Studies made to date or planned are more comprehensive than in any other area (Poland and
Davis, 1956; Poland, 1958; Inter-Agency Committee on Land Subsidence in the San Joaquin Valley, 1958; Lofgren, 1960 Bull, publication pending; Johnson and Morris, publication pending).
UPPER LAKE-KELSEYVILLE AREA

The Upper Lake-Kelseyville area in Lake County, a part of the
drainage area of the Central Valley, includes the valleys bordering
the upper arm of Clear Lake,on the north, west, and south. The
Upper Lake, Scott, and Kelseyville Valleys are the principal groundwater basins. Ground-water pumpage from the alluvium of these
valleys was estimated at 35,200 acre-feet in 1953. Later data on
pumpage are not available, but water-level data indicated no overdraft as of 1960.
The area is described in the report of the State's Lake County
investigation, published in 1957 as California Department of Water
Resources Bulletin 14.
LOWER LAKE-AIIDDLETOWN AREA

The Lower Lake-Middletown area (Upson and Kunkel, 1955)
in southern Lake County includes several valleys of different sizes,
tributary to Cache and Putah Creeks. Five of the valleys the High,
Burns, Excelsior, Coyote, and Collayomi Valleys contain sufficient
permeable valley fill to permit substantial ground-water development. In the other valleys the fill is too thin or fine grained to yield
much water, and the underlying volcanic rocks either are practically
impermeable or yield water of poor quality. Water-level data for
the valleys in which ground water has been developed indicate no
overdraft as of 1960.
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SAN FRANCISCO BAY AREA

Six principal ground-water basins, in addition to the Central
Valley itself, are tributary to San Francisco Bay. The largest is the
Santa Clara Valley on the south side. Others are the Livermore
Valley, east of the Santa Clara Valley; the Petaluma Valley the
Napa-Sonoma area to the east, including the Napa and Sonoma
Valleys; and two areas draining to Suisun Bay, the Fairfield area of
Solano County on the north (discussed in the section on the Sacramento Valley of the Central Valley area) and the Clayton and
Ygnacio Valleys on the south.
As of 1950 the Bay area had a mean annual water requirement
of about 725,000 acre-feet (about 650 mgd), of which a substantial
though minor part was obtained from wells. San Francisco imports
water from the Tuolumne River, the East Bay Municipal Utility
District from the Mokelumne River, and the city of Vallejo from
the Sacramento River.
SANTA CLABA VALLEY

The Santa Clara Valley (Clark, 1924; Tolman and Poland, 1940;
California State Water Resources Board, 1955; Poland and Green,
1962; described also in California Dept. Water Resources Bull. 13,
in press as of late 1961) as defined for this report includes the area
bordering San Francisco Bay from San Mateo on the west to Oakland on the east and extending southward past Santa Clara and San
Jose to Morgan Hill. It is the northward-draining part of a structural trough which is filled with permeable alluvial deposits to a
depth exceeding 1,000 feet in places and the north end of which is
drowned by San Francisco Bay. Ground water has been virtually
the only source of water for most of the area south of Oakland,
although some municipalities now obtain water from sources in or
tributary to the Central Valley. Oakland has always obtained most
of its water from surface sources.
Ground-water pumping in the valley has been heavy for the past
30 years. The valley is covered almost completely by either farmland
or urban developments.
In the part of the valley in Santa Clara County, average groundwater levels declined 108 feet from 1915 to 1934, recovered 70 feet
in 1934-43, declined nearly 100 feet in 1943-50, recovered about
63 feet in 1950-58, and have declined since 1958. According to
studies made by the State Department of Water Resources in Santa
Clara and Alameda Counties, pumpage from the valley within Santa
Clara County was about 188,000 acre-feet in 1948, and in the Alameda County part, about 42,000 acre-feet per year in 1949-51. In
the valley as a whole, overdraft was estimated at about 25,000 acrefeet per year as of 1951.
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There is a serious problem of salt-water encroachment in the
aquifers beneath and adjacent to San Francisco Bay. During the
first period of great water-level decline, 1915-34, water levels near
the Bay were depressed to or below sea level and salty bay water
entered the aquifers through defective well casings and through
tongues of permeable gravel within the prevailingly fine-grained fill
of the lower valley. By 1939, salt water had encroached u.ider a
3-mile strip on the west side of the Bay south of Palo Alto, and
on the east side had moved inland as much as 5 miles toward Niles.
The water-level recovery in 1934-43 repelled the salt water for
a few years, but the declines since then have permitted additional
encroachment. The only effective way of stopping the encroachment
will be to raise water levels above sea level and maintain them
there, and measures to achieve this result are underway.
Near the end of the first period of water-level decline, the Santa
Clara Valley Water Conservation District, covering 138,000 acres,
was organized to construct and operate detention reservoirs to augment natural recharge. The reservoirs in existence at that time
had a combined capacity of 43,100 acre-feet. The Anderson Reservoir, completed in 1950, the Lexington Reservoir, completed in 1952,
and smaller reservoirs have added something in excess of 100,000
acre-feet to preexisting storage capacity. This network of reservoirs
and associated water-spreading grounds has done much to ameliorate
the longstanding ground-water deficiency in the Santa Clara Valley.
The South Bay Aqueduct is currently (1961) under construction,
and in it water diverted from the Sacramento-San Joaquin Delta is
to be delivered to the Santa Clara Valley beginning in the summer
of 1964. A maximum of about 150,000 acre-feet per year will be
imported through the aqueduct.
One potential additional source of water is the 250,000 acre-feet
per year (about 225 mgd) of sewage effluent now discharged to the
Bay.
A ground-water-related problem is subsidence of the land surface
resulting from the reduction in ground-water head (Tolman and
Poland, 1940; Poland and Green, 1962). The land surface has subsided in an area extending 25 miles from Redwood City on the north
to beyond San Jose on the south, reaching a maximum width of 13
miles, and totaling at least 230 square miles. The subsidence was
first observed in 1933 when a "level network" was resurveyed for
the first time since 1912. As of December 1959 it amounted to 9.04
feet at one bench mark at San Jose. Subsidence virtually stopped
in 1937-40, during the period of increasing artesian pressure described previously, and then resumed in 1944 and continued in spite
of the recovery in head in 1950-58. The available information, not
yet conclusive, indicates that the land surface cannot be made to
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rise appreciably by restoring the ground-water head, but at least
further subsidence can be prevented if the head is restored sufficiently a restoration that is needed anyway to prevent further saltwater encroachment.
LIVEEMOEE VALLEY

The Livermore Valley has an area of about 50 square miles and
is underlain by as much as 500 feet of Quaternary alluvium, deposited mainly by westward-flowing Arroyo Mocho and Arroyo del
Valle. Beneath this alluvium is the similar deposit, of probable
Pliocene age but possibly in part of Pleistocene age, known locally
as the Livermore Gravels. The total thickness of the fill probably
exceeds 1,000 feet in much of the valley.
The State Department of Water Resources estimated the average
annual ground-water withdrawal at 20,700 acre-feet as of 1955.
Nearly all the water is pumped from the Quaternary deposits. It is
used chiefly for irrigation but serves industrial and municipal uses
also. The city of San Francisco has a large well field west of Pleasanton and at times has pumped as much as 1,000 acre-feet per month
from it.
The State in 1955 estimated the perennial yield of ground water
at 17,000 acre-feet per year. Water levels have declined generally
since 1916. West of Livermore water levels declined about 60 feet
from 1916 to 1933 and another 30 feet by 1950, and then recovered
about 19 feet by 1958. Tfie net lowering of water levels has provided a potentially usable ground-water storage capacity of about
100,000 acre-feet. Arroyo Mocho and Arroyo del Valle flow across
areas of permeable gravel beds, in which most of the current groundwater recharge takes place. In wet years considerable floodflow
escapes from these areas. An additional reservoir on Arroyo Mocho
might make it possible to salvage some of the flow of that stream
to increase the perennial yield of the valley.
Water from the Sacramento-San Joaquin Delta is planned to be
delivered to the Livermore Valley in the South Bay Aqueduct,
beginning in the spring of 1962. A maximum of about 55,000 acrefeet per year will be delivered. A multipurpose reservoir is to be
constructed on Arroyo del Valle for flood control, regulation of
imported water, and regulation of local runoff.
PETALUMA VALLEY

The Petaluma Valley (Cardwell, 1958) is a small basin which
occupies the southern part of the structural trough whose northern
part is occupied by the Santa Kosa Valley. The Petaluma Valley
cotnains water-bearing valley fill, the lower (southern) part of which
is in contact with salt water in San Francisco Bay. The annual
pumpage as of 1952 was about 2,000 acre-feet. Local overpumping in
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the vicinity of Petaluma has caused encroachment of saline water
from tidal sloughs in the lower part of the valley. The ground water
in the lower part, some of which is reclaimed tideland, is saline
throughout.
The valley may be capable of additional ground-water development, but great care will be needed to control ground-water levels
and gradients in the lower part to prevent salt-water encroachment.
The surface-water supply of the valley is obtained mainly from
Petaluma Creek, but there is some minor local development of surface water also. Future deficiencies in overall supply might have to
be made up by importation of surface water. Water might be
imported from the Russian River to the north, or in the authorized
North Bay Aqueduct of the State Water Facilities program.
NAPA-SONOMA AREA

The Napa-Sonoma area (Kunkel and Upson, 1960) includes two
small valleys, Napa on the east and Sonoma on the west, draining
into San Francisco Bay. The valleys contain alluvial fill of late
Quaternary age, underlain and surrounded by unconsolidated marine
and continental sediments and .volcanic rocks of Pliocene(?) and
Pleistocene age. All these rocks include permeable water-bearing
members.
The total ground-water pumpage in the area in 1950 was about
7,900 acre-feet, 5,500 in the Napa Valley and 2,400 in the Sonoma
Valley, and probably was not much greater as of 1960. Water levels
are within 50 feet of the land surface in most parts of both valleys
and have declined only locally. There is no evidence of substantial
overdraft, although there are local shortages due to low permeability
of the valley fill or to the presence of brackish water.
Any great increase in withdrawal in the Sonoma Valley may
cause encroachment of salt water from the Bay or tidal swamps. The
local surface-water supply about 50,000 acre-feet per year in
Sonoma Creek at Boyes Hot Springs in 1955-61 could be developed, but the cost of development might exceed that of importing
water from outside the area.
The Napa Valley is larger and has greater runoff and a larger
total supply than the Sonoma Valley. It includes about 60 square
miles along the Napa River. The ground-water supply is limited
locally by low permeability of the .fill or by poor quality of water;
in small areas the ground water is unsuitable for irrigation because
of excessive boron content.
The city of Napa formerly used wells but abandoned them because
of low yield and poor quality of water. The city of Vallejo was
never able to develop a supply from wells. Napa and the smaller
towns use water from reservoirs on Conn Creek and in Rector
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Canyon, tributary to the Napa River, which have a combined capacity of 34,400 acre-feet. Vallejo and the Mare Island Navy Yard
obtain water from local surface sources and by diversion from the
Sacramento-San Joaquin Delta.
YGNAOIO AND CLAYTON VALLEYS

The Ygnacio and Clayton Valleys form a small ground-water
basin which enters Suisun Bay from the south. No recent data are
available. The total ground-water withdrawal in 1934 was about
5,000 acre-feet and probably exceeded the perennial yield slightly.
Water is now available from the Contra Costa Canal, which passes
through the valleys.
OENTEAL COAST AEEA

The Central Coast area extends approximately from the south
lines of San Mateo and Santa Clara Counties on the north to the
Santa Barbara-Ventura County line on the south. It is a generally
mountainous area that contains several important ground-water
basins, both along the. coast and in the interior. The basins vary
widely in size and in availability and development of ground water.
Nearly all are developed to some extent. They include the GilroyHollister area, which has been studied by the U.S. Bureau of Reclamation; the Salinas Basin, studied by the State Department of
Water Resources; the Carrizo Plain in eastern San Luis Obispo
County, on which little information is available; and basins in Santa
Barbara County the Cuyama Valley, Santa Maria Valley, San
Antonio Creek valley, Santa Ynez River valley, and Goleta and
Carpinteria Basins studied by the U.S. Geological Survey in cooperation with the county. The cooperative studies in Santa Barbara
County are being continued in order to provide up-to-date information for development of ground-water reservoirs in conjunction with
conservation and flood-control reservoirs planned or proposed for
construction.
GILBOY-HOLLI8TEB AEEA

The Gilroy-Hollister area is in the south end of the structural
trough of which the Santa Clara Valley represents the northern part.
The area drains to Monterey Bay by way of the Pajaro River and its
tributaries.
According to the U.S. Bureau of Reclamation, as of 1954 about
32,000 acres was irrigated in the area, almost wholly with water from
wells. Water levels declined about 3 to 4 feet per year in 1924-35
about 35 feet in the 11 years. As of 1960 about 110,000 acre-feet per
year was being pumped. The overdraft averages about 14,000 acrefeet per year, and water levels continue to decline.
In the eastern part of the area the ground water locally contains
more than 1.5 ppm of boron, a concentration harmful to many crops.
Elsewhere the concentration ranges from 0.75 to 1.5 ppm.
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Ground water is now recharged artificially with water from detention reservoirs on Uvas and Llagas Creeks. Considerable runoff
still escapes to the Pajaro River and the ocean; the overdraft might
be eliminated by capturing some of this water and storing it in the
dewatered part of the alluvium. At least some of the surface water
is probably free of boron or at least low in boron content, and there
is a possibility of reducing the boron content of the ground water by
careful selection of recharge areas and sources of recharge water.
SALINAS BASIN

The Salinas Basin, along the Salinas River in Monterey County,
is one of the pr|inicipal ground-water basins in California outside
the Central Valley! It is described in California Division of Water
Resources Bulletin 52, published in 1946, and in California Water
Resources Board, Bulletin 19, published in 1955. The valley floor
covers about 239,OOP acres, of which about 125,000 is irrigated. Nearly
all the water comes from wells, and the pumpage as of 1960 was
about 300,000 acre-feet per year.
The total water supply of the basin exceeds the present use, but
there is an overdraft totaling about 80,000 acre-feet per year in two
of the major subdivisions. The overdraft has resulted in encroachment of salt water along the coast. Also, the shallow ground water
in some areas is naturally saline or has become so as the result of
evaporation of irrigation water, and in places this water is seeping
downward into heavily pumped aquifers.
Possible measures suggested by the State for eliminating overdrafts and preventing saline contamination of the ground water
include more efficient irrigation practices and salvage of water now
running to waste, use of sewage effluent for irrigation, cleaning and
plugging of defective wells, and transportation of surface and ground
water from areas of surplus to areas of deficiency. Monterey County
plans to construct canals to divert water from the San Antonio
River, a tributary of the Salinas, to areas of overpumping.
CABRIZO PLAIN

The Carrizo Plain is a sizable northwestward-trending»alluvial
basin in eastern San Luis Obispo County. San Juan'Creek, a tributary of the Salinas River by way of Estrelia Creek, runs along the
southwest side, but most of the basin about 172,000 acres drains
internally to Soda Lake. Nearly all the water now used in the basin
comes from wells; the pumpage as of 1960 was about 600 acre-feet
per year.
The ground water is recharged by precipitation and by intermittent streams in quantities sufficient that no downward trend in water
levels has been observed. Soda Lake receives return flow of irriga-
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tion water, and would grow in size if use of water for irrigation
should increase greatly.
CtTYAMA VALLEY

The Cuyama Valley in Santa Barbara and San Luis Obispo Counties (Upson and Worts, 1951),is an interior basin about 12 miles long
from east to west and as much as 5 miles wide. It contains as much as
3,000 to 4,000 feet of valley fill of Pliocene to Recent age and is cut
in older rocks some of which are water bearing. Thus the groundwater reservoir extends beyond the valley proper.
Ground-water development has been rapid since about 1940. More
than 5,000 acres is now irrigated, and the gross pumpag* is about
20,000 acre-feet per year, nearly double the estimated perennial yield.
Water levels are declining slowly, and locally salts are being concentrated in the soil. The ultimate development of the valley will
depend on the extent to which water can be imported to eliminate
the overdraft and meet increased needs.
SANTA MARIA VALLEY

The Santa Maria Valley (Worts, 1951) is a large coastal groundwater basin at the confluence of the Cuyama and Sisquoc Rivers.
About 32,600 acres is irrigated. The total surface area of the groundwater reservoir is about 110,000 acres. The water-bearing valley fill is
as much as 3,000 feet thick. The ground water is replenished in part
by the rivers and in part by infiltration of rainfall. The current
ground-water pumpage, nearly all for irrigation, is about 100,000
acre-feet per year.
The pumpage is about double the estimated perennial yield of
about 53,000 acre-feet per year under natural conditions. Water
levels are declining rapidly except near the coast, where the decline
is small.
On the average, nearly two-fifths of the estimated surface inflow
to the valley is wasted to the sea, occasionally in the form of large,
damaging floods. This waste suggests an obvious means of reducing
the overdraft, which in part has already been implemented by construction of the Twitchell Dam by the Bureau of Reclamation. Th«
reservoir conserves some of the floodflow for later release at a rate
that increases the natural rate of ground-water recharge, but the
resulting increase in perennial yield is not sufficient to balance the
overdraft.
SAN ANTONIO CREEK VALLEY

The San Antonio Creek valley (Muir, publication pending) is
between the Santa Maria and Santa Ynez Valleys. It includes the
alluvial Los Alamos and San Antonio Valleys in the upper and
middle parts of the San Antonio Creek drainage basin and the San
Antonio Terrace in the lower part, adjacent to the ocean. Unconsoli-
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dated deposits of Pliocene to Recent age including the Careaga Sand,
Paso Robles Formation, Orcutt Sand, terrace deposits, alluvium, and
dune sand contain water-bearing members. The Paso Robles Formation and, locally, the alluvium are the chief aquifers. Water is
pumped mainly in the Los Alamos Valley pnd Upper San Antonio
Valley. About 8 miles east of the ocean a consolidated-rock barrier
marks the lower end of the ground-water basin and forces the
ground water to rise to the surface to flow off in San Antonio Creek.
The ground water in this part of the San Antonio Valley is rather
highly mineralized for ordinary uses.
Withdrawal of ground water, mostly for irrigation, increased
from about 1,400 acre-feet in 1943 to 2,900 acre-feet in 1958. The
total net discharge, including remaining natural discharge, averaged
about 7,600 acre-feet per year during the period 1943-58. The
perennial yield of the valley "is estimated to be a little less, about
7,000 acre-feet per year. Some of the remaining natural discharge
could be salvaged by means of ground-water development in the
lower San Antonio Valley east of the ground-water barrier. The
development would create cyclic storage space that does not now
exist. Additional water could be recovered by means of a dam and
diversion works in the vicinity of the ground-water barrier, which
would impound storm runoff that now wastes to the ocean. The
economic feasibility of such surface storage has not been evaluated.
SANTA YNEZ BIVEB VALLET

The Santa Ynez River Valley (Upson and Thomasson, 1951;
Troxell and Wilson, 1952; Wilson, 1959) is not a single groundwater area but comprises several small ground-water basins along
the Santa Ynez River. In some the ground water is replenished to
a considerable extent from the Santa Ynez River; in others the
replenishment is derived solely from local precipitation and runoff.
The total pumpage as of 1960 was about 52,000 acre-feet per year,
most of which was used for irrigation. The rate at which ground
water could be pumped perennially has been estimated for only
certain areas; it depends in part on the availability of water in the
river. The average long-term discharge of the Santa Ynez River
is about 124,000 acre-feet per year, which is ample to support the
current ground-water draft in areas replenished by the river.
Water levels are declining slowly, largely as a result of deficiency
in rainfall and runoff in recent years but in part as a result of draft
which locally exceeds even normal replenishment. Salt-water
encroachment along the ocean is a possibility, but only if the draft
in the lower part of the valley is increased enough to reverse the
existing seaward gradient of the piezometric surface. There has
been some deterioration of water quality in the ground-water reser-
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voir beneath the Lompoc plain, owing to evaporation and recycling
of irrigation water, to upward movement of saline connate water
from below, or to both.
The Santa Ynez River has been regulated since 1953 by a 210,000acre-foot reservoir formed by the Cachuma Dam of the U.S. Bureau
of Reclamation, to reduce waste of floodwater to the sea and flood
damage to cropland. The reservoir makes available up to 33,000 acrefeet of water per year for use in the Santa Ynez River valley and
for diversion to the "south coast" area of Santa Barbara County.
(See following section.) Several smaller reservoirs are operated in
conjunction with the Cachuma Reservoir, and additional reservoir
capacity has been proposed.
SOtTTH-COAST AREA OP SANTA BARBARA COUNTY

The south-coast area of Santa Barbara County includes two principal ground-water areas, the Goleta and Carpinteria Basins, the
Santa Barbara area between them, and a few other, minor areas. The
city of Santa Barbara (population about 60,000) obtains most of its
water supply from the Gibraltar reservoir on the Santa Ynez River
and from the Cachuma project. Ground water from a local basin
supplements the imported water during periods of sustained drought,
but there is a potential threat of sea-water encroachment.

The western part of the south slope of the Santa Ynez Mountains
is described in reports prepared to assist the Navy Department in
developing water for its facilities at Point Arguello and Point
Pedernales (Evenson and Miller, 1962; Evenson, 1961).
The Goleta Basin (Upson, 1951) is a small coastal basin for which
the annual practical rate of withdrawal has been estimated at 5,900
acre-feet. The pumpage from the continental deposits that underlie
the basin averaged 6,600 acre-feet per year in 1941-58. Groundwater levels declined sharply after 1945 and in 1958 were 10 to 20
feet below sea level in -a large part of the basin. Water is now
imported from the Cachuma project, the pumping has decreased, and
ground-water levels have risen. There is some ground water of poor
'quality in local areas, but no substantial encroachment of salt water
from the coast was observed even before importation of Cachuma
water began.
The Carpinteria Basin (idem) is the eastern of the two principal
"south coast" basins of Santa Barbara County. It is a small coastal
basin in which the ground-water body is replenished by infiltration
of rainwater and seepage from small streams. The annual pumpage
averaged about 3,900 acre-feet in 1941-58, and water levels declined
below sea level in parts of the basin. Water is now imported from
the Cachuma project to supplement that pumped from wells, and
there have been no significant changes in ground-water levels since
importation began.
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The area is changing gradually from agricultural to urban, and
the change may have an adverse effect on the rate of recharge of
ground water.
SOUTH COAST AREA

The South Coast area includes most of Ventura County on the
north and extends to the Mexican border on the south. It consists
of alternating mountains and alluvial basins. It includes five major
and several minor ground-water basins. From northwest to southeast
the major basins, each of which is a system of subbasins separated
by faults and other structures which prevent or impede groundwater flow, include the Oxnard-Santa Clara Basin, the San Fernando
Valley, the San Gabriel Valley, the coastal plain in Los Angeles and
Orange Counties (Troxell and others, 1951; Stafford and Troxell,
1953), and the upper Santa Ana Valley. The minor basins include
the San Jacinto Basin, the Temecula, Basin, the San Juan Basin, and
the Santa Margarita, San Luis Rey, San Dieguito, San Diego, and
Tia Juana River valleys in San Diego County. There are several
other small basins which yield some ground water but which are
not discussed here. Water supplies of four small Indian reservations
in the uplands of San Diego County are described by Olmsted
(1953).
The ground-water supply of most of the basins discussed has been
fully developed or overdeveloped, even though the replenishment
in some has been increased substantially by artificial recharge from
improved stream channels or off-channel spreading basins. Development of ground water began nearly a century ago, and as a group
the basins are more fully developed than any others in the State and
perhaps in the United States. Current (1961) annual pumpage is
about 1.25 million acre-feet equivalent to the average annual unimpaired runoff in the streams.
OXNABD-SANTA CLARA BASIN

The Oxnard-Santa Clara Basin in Ventura County includes the
Oxnard Plain along the coast, crossed by the Santa Clara River, and
small basins to the east along the Santa Clara and its tributaries.
The area is developed almost exclusively for agriculture, and most
of the cropland is irrigated with water from wells. The basin is
described in the report of the State's Ventura County investigation,
published in 1956 as California Water Resources Board Bulletin 12.
A part of it is described in a report of the Geological Survey on
the Point Mugu Naval Air Missile Test Facility and vicinity (Page,
publication pending).
The basin is underlain by alluvium whose ground water is replenished largely by seepage from the Santa Clara River and tributaries.
The river channel has a permeable bottom to within 3 miles of the
coast. In the last 3 miles of the river's course, and extending farther
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landward on either side, is a clay "cap" which covers most of the
Oxnard Plain and confines the water in the alluvium under artesian
pressure.
Since 1928 a substantial part of the river's flow has been diverted
to spreading basins east of Saticoy. The water diverted includes
that from Piru Creek (a tributary of the Santa Clara River)
impounded in the San Felicia reservoir, which was completed in
1955; the Piru Creek water is used in part for water spreading and
in part directly for irrigation. By the end of the 1960 water year
(September 1960), about 440,000 acre-feet of water had been
recharged through the spreading basins in the Oxnard-Santa Clara
Basin.
The current annual pumpage in the Oxnard-Santa Clara Basin
is about 200,000 acre-feet. The Oxnard Plain is overdrawn, and
water levels have declined since 1922 except during the wet period
1936-44. Prior to 1936 ground-water levels declined below sea level,
and they have been below sea level in a large part of the plain since
the late 1940's. In the basins east of the Oxnard Plain the ground
water is pumped heavily but is recharged freely from streamflow,
including controlled releases from the San Felicia reservoir, and
water levels have not declined seriously.
The requirement for supplemental water in the Oxnard Plain was
estimated by the State Department of Water Resources at 60,000
acre-feet per year under 1951 conditions of development. Salt-water
encroachment has affected wells in the vicinity of Ventura, Point
Hueneme, and Point Mugu. There appears to be local contamination
by oil-field brines, and the Regional Water Pollution Control Board
is taking action in this regard.
Both the overdraft and the salt-water encroachment along the
coast can be stopped only by making additional water available. In
a 1953 report the State estimated that an additional supply of
100,000 acre-feet per year would be needed to eliminate the overdraft
and provide for future increased requirements in the Oxnard-Santa
Clara Basin. If the additional water cannot be provided by full
utilization of the ground-water reservoir in conjunction with additional surface reservoirs, importation of water from outside the
basin will be necessary.
SAN FERNANDO AND SAN GABRIEL VALLEYS

The San Fernando and San Gabriel Valleys of the Los Angeles
area are alluvial basins which currently supply about 200,000 acrefeet per year to wells. Water pumped in the San Fernando Valley
is used largely to augment the water imported from the Owens
Valley and the Colorado River for the Los Angeles public supply.
Water pumped in the San Gabriel Valley is used chiefly for irrigation but partly for municipal and industrial supplies. The geology
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and ground-water storage capacity of the valley fill are described
in the State's report on the South Coastal Basin investigation, published, in 1934 as California Division of Water Resources Bulletin 45.
Water levels are declining in both valleys, but neither is substantially overdrawn. The principal problem is contamination of the
Los Angeles and San Gabriel Rivers and of the ground water
recharged from those streams. Both Los Angeles County and the
State are investigating the problem and are acting to protect the
water supply by means of local ordinances and of regulations prescribed by the Regional Water Pollution Control Board set up under
State law.
COASTAL PLAIN

The coastal plain in Los Angeles and Orange Counties is described
in general terms by Troxell and others (1951) and Stafford and
Troxell (1953). The part in Los Angeles County is described in
more detail in California Department of Water Resources Bulletin
104, in press as of late 1961; and in appendix A to that bulletin,
which covers the ground-water geology and was published in 1961.
The coastal plain includes two major alluvial basins the main
coastal plain in the central and eastern parts of the area, including
the coastal area between Long Beach and Santa Ana (Piper and
others, 1953; Poland and others, 1956; Poland, 1959), and the West
Basin (Torrance-Santa Monica area) along the coast in Los Angeles
County (Poland and others, 1959). Except for water imported from
the Owens Valley for the city of Los Angeles and for water imported
from the Colorado River for Los Angeles, certain other municipalities, and two water districts, the water used in the coastal plain
comes chiefly from wells. A minor amount of surface water is
diverted for irrigation from the San Gabriel River at Whittier
Narrows and from the Santa Ana River in Santa Ana Canyon.
About 320,000 acre-feet per year is pumped from wells in the
main coastal plain and about 65,000 acre-feet per year from wells in
the West Basin. The water is used chiefly for domestic and industrial supply, especially in Los Angeles County, though some is used
for irrigation, especially in Orange County.
Both the main basin and the West Basin are overdrawn. The
average overdraft in the main basin was about 70,000 acre-feet per
year as of 1951. In the West Basin, which is replenished in substantial part by water moving from the main basin through folded and
faulted strata in the so-called Newport-Inglewood structural zone,
the total pumpage in 1945 was about 90,000 acre-feet, all but 12.000
of it in the Torrance-Inglewood subarea south of the Ballona escarpment along the south edge of Ballona Gap. The overdraft in that
subarea was estimated at about 40,000 acre-feet per year. The over671316 O 63
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draft was not reflected by a net annual reduction in storage of as
much as 40,000 acre-feet. Instead and much less desirable from
the standpoint of water users a part of the overdraft was compensated by recharge of ocean water on the west. As of 1960, although
the total pumpage in the West Basin had decreased to about 65,000
acre-feet, the overdraft in the basin as a whole was about 35,000
acre-feet per year, the recharge by underflow across the structural
barrier having decreased with the continued lowering of water levels
in the main basin.
Ocean wrater has invaded the full reach of the West Basin along
Santa Monica Bay and has moved as much as about 2 miles inland
(California Department of Water Resources, 1958, p. 34-37). Water
levels are below sea level and a landward gradient exists; hence,
ocean water will continue to move eastward unless water levels are
raised above sea level by a decrease in draft, artificial recharge,
or both. The ground-water supply has been adjudicated under State
law, and a stipulated judgment limiting extractions under watermaster control is in effect. Most of the area has joined the Metropolitan Water District, and Colorado River water is being brought
in as fast as conveyance facilities can be completed. The artificial
recharge that was recently started on an experimental basis along
the coast (idem, p. 60-69) is being continued and will be increased to
raise water levels and restrain further salt-water encroachment. In
addition, as of 1961 a total of approximately 1.3 million acre-feet of
Colorado River water had been spread in Orange and Los Angeles
Counties for ground-water replenishment.
Salt water has invaded the coastal aquifers of the main coastal
plain also, in the Long Beach-Santa Ana area (idem, p. 37-39). The
salt water enters largely through tongues of highly permeable gravel
in valleys cut through the Newport-Inglewood structural zone, which
here forms a coastal ridge that is less permeable than the alluvial
tongues in the gaps. The encroachment is most serious in Orange
County, which includes the greater part of the coastal strip of the
main basin. It has advanced as much as 3 miles inland.
Locally ground water in the main basin has been contaminated
also by infiltration of oil-field brines and industrial wastes, both
directly from the land surface and from streams, especially the Los
Angeles River. The worst areas are west of Long Beach in Dominguez Gap, on Huntington Beach Mesa, the contamination in both
areas being caused by oil-field brines; and in the Huntington Park
area, where the contamination is caused by industrial wastes.
The problems of contamination by oil-field brines, refuse, and
industrial wastes have been attacked by State and local agencies,
but many years will be required for the contaminated ground-water
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bodies to be cleared up, even after all discharge of wastes at the
land surface has been stopped.
A problem of land subsidence resulting from extraction of
petroleum in the Long Beach Harbor area is described in many
reports and papers, of which that by Gilluly and Grant (1949) is one
of the most substantial.
UPPER SANTA ANA VALLEY

The upper Santa Ana Valley is in northern Orange and western
San Bernardino and Riverside Counties, along the Santa Ana River
and its tributaries. The area is described by Mendenhall (1905),
Garrett and Thomasson (1949), Dutcher and Burnham (reports on
Mill Creek and Redland-Beaumont areas, publication pending),
and Dutcher and Garrett (1962). It is described also in California
Department of Water Resources Bulletin 15, on the Santa Ana River
investigation, published in 1959.
The ground-water supply is highly developed. The supplemental
water requirement was estimated by the State Department of Water
Resources at about 20,000 acre-feet per year as of 1948. The supplemental supply can be obtained only by importation of water, as the
water of the Santa Ana River is almost fully developed* Certain
local agencies have joined the Metropolitan Water District. Ultimately the deficiency will be met with water from the Colorado
River and other sources outside the valley.
There are some problems of quality of water, either natural or
caused by industrial wastes, but they are receiving current attention
from State and local agencies.
SAN JACINTO BASIN

The San Jacinto Basin is in western Riverside County. It is
described by Waring (1919b) in a report that covers the Temecula
Basin also. It is described in Bulletin 15 of the State Department
of Water Resources, mentioned in the preceding section, and in
appendix B of that report, which describes the geology of the San
Jacinto and Elsinore units and which also was published in 1959.
The basin covers about 225 square miles and is filled to a maximum
depth of about 1,000 feet by alluvial debris from the surrounding
highlands. Pumping has been heavy for decades, and water levels
have declined persistently since 1922. The State estimated the need
for supplemental water to be 12,000 acre-feet per year under 1948
conditions of development. Under conditions of full development,
the ultimate requirement for supplemental water is expected to rise
from 12,000 to about 138,000 acre-feet.
TEMECULA BASIN

The Temecula Basin (Waring, 1919b) is in southwestern Riverside
County, south of the San Jacinto Basin and just north of the San
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Diego County line. Pumping of water from the alluvium, mostly
for irrigation, is heavy and the effect has been . amplified by the
effect of the Southwestern drought of recent years. Water levels
have declined persistently and in 1960 were at an all-time low.
The basin is in the watershed of the Santa Margarita River, whose
water rights are now (1961) in litigation for the purpose of adjudication of the rights of all parties in the watershed, including those of
the United States Government in connection with Camp Pendleton
in San Diego County.
SAN JUAN BASIN

The San Juan Basin in southeasternmost Orange County is drained
by San Juan and Aliso Creeks, along whose lower stretches are
relatively narrow belts of alluvium. The demand for ground water
is in excess of the perennial yield, and storage has been progressively
depleted. The quality of the ground water in the coastal area is
deteriorating, probably as a result of the overdraft, but the available
data are inadequate to pinpoint the cause and extent of
the deterioration.
SAN DIEGO COUNTY BASINS

The principal ground-water basins in San Diego County include,
from north to south, the Santa Margarita, San Luis Key, San
Dieguito, San Diego, and Tia Juana River valleys (Ellis and Lee,
1919; Piper and Poland, 1945). They are small basins consisting of
alluviated areas along the streams named. Together they now yield
about 30,000 acre-feet of ground water per year. The usable storage
capacity in their lower stretches is limited by the possibility of saltwater encroachment. Salt water has already invaded the Tia Juana
Valley to such an extent that pumping has been curtailed, and water
rights in the valley are now being adjudicated. The southern part
of the valley is in Mexico, so that international interests are involved.
According to the State Department of Water Resources, about
one-third of the present water supply in San Diego County comes
from wells. The San Diego County Water Authority imported about
70,000 acre-feet of Colorado River water in 1948, and the amount
increased to 165,000 acre-feet in 1960. The city of San Diego received
a major share of this water. In 1955 the State estimated that about
530,000 acres suitable for cultivation or domestic occupancy remained
in the county. For the most part, water for development of this
remaining area cannot be obtained from local sources but will have
to be imported.
OFFFSHORE ISLANDS

Several islands lie off the Central and South Coast areas. They
include San Miguel, Santa Rosa, and Santa Cruz Islands off the
coast of Santa Barbara County; the much smaller Anacapa Island
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and other small islands of the Channel Islands National Monument
off Ventura County; Santa Barbara Island, a part of the National
Monument but in Los Angeles County; and San Nicolas, Santa Catalina, and San Clemente Islands, the first in Ventura County and the
other two in Los Angeles County. The islands are small; the largest,
Santa Cruz, is a little more than 20 miles long and is less than 10
miles across at its widest point. They are arid or semiarid, and they
are built largely of rocks of low permeability. Hence, their water
supplies are very small. Only two of the islands have been studied
by the "U.Sl "Geological Survey, San Clemente (Olmsted, 1958) and
San Nicolas (Burnham and others, 1962). The published report on
San Clemente deals only with the geology, but that on San Nicolas
makes it clear that large water supplies are not to be expected on any
of the islands. Their water demands are small, but not easy to satisfy.
LAHONTAN AND COLORADO DESERTS

The Lahontan and Colorado Deserts make up the remaining part
of California. Together they constitute one-third of the State's area,
yield less than one-twentieth of its runoff, and account for one-fifth
to one-sixth of its ultimate water requirements. They are the prevailing arid area east of the Cascade Range, Sierra Nevada, and ranges
of the South Coast area and are a part of the Basin and Range
physiographic province. The Lahontan Desert, the northern and
larger part of the area, drains in large part into the basin of ancient
Lake Lahonton. That lake, during the wetter climate of the Pleistocene as big as modern Lake Erie, is now represented by Pyramid
Lake and nearby lakes in Nevada, just as formerly huge Lake Bonneville is now represented by its shrunken remnant Great Salt Lake
in Utah. The Colorado Desert drains largely to the Colorado River.
The term "drains" as used above is euphemistic. These great
deserts now discharge so little water into their former outlets that
"formerly drained" would be more accurate.
The area is characterized mainly by desert alluvial basins alternating with mountain ranges both small and large. The surface
drainage of many of the basins terminates in playas in the central
parts of the basins. Only the largest of the isolated ranges receive
substantial precipitation and yield substantial runoff. The runoff
is greatest where it represents the flow of streams off the east slopes
of the Cascade Range and Sierra Nevada. In the greatest part of
the area it is less than a quarter of an inch per year; it averages a
little more than an inch.
Until World War II, except in a few valleys, there was little
development of ground water in the area. Knowledge of geology
and ground water was fragmentary, limited mostly to that given in
the classic reconnaissance reports by Thompson (1929) on the
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Mohave Desert region and Brown (1923) on the Salton Sea region.
Among areas covered in older reports in somewhat greater detail than in the two reconnaissance reports mentioned are the Indio
region northwest of the Salton Sea (Mendenhall, 1909b) ; the Lanfair Valley near the east-central edge of San Bernardino County
(Thompson, 1921) ; and the Pahrump, Mesquite, and Ivanpah Valleys to the northwest, partly in California and partly in Nevada
(Waring, 1921). Among more recent reports prepared or in preparation by the State or by the U.S. Geological Survey in cooperation
with the State or with other Federal agencies are a ground-water
reconnaissance of the entire Colorado Desert region, published in
1954 as Water Quality Investigations Report 4 of the California
Division of Water Resources, and reports on several small areas
including the Pinto Basin in the Joshua Tree National Monument
(Kunkel, 1956), the Furnace Creek Wash area in the Death Valley
National Monument (Pistrang and Kunkel, 1958), and the southeastern part of the Honey Lake valley in Lassen County, west of
Pyramid Lake, Nev. (Hilton, publication pending). Kunkel (1962)
prepared a map and accompanying brief text summarizing the results
of recent reconnaissances of the western part of the Mojave Desert;
along the borders of, and included within, the area described are
the Antelope Valley on the west, the Indian Wells Valley on the
north, southern Death Valley on the northeast, and the Lucerne,
Johnson, and Means Valleys on the southeast.
During World War II substantial ground-water supplies were
developed for newly built military installations, and since the war
there has been a great increase in interest in the agricultural, industrial, and recreational potentialities of the area.
The principal and almost the only aquifers of the area are the
sand and gravel members of the alluvial fill between mountain
ranges. The bedrock generally is not water bearing. The fill in
some areas is only a veneer ovelying slopes cut on bedrock ("pediments") ; in other areas it is thick and permeable. The ground water
is replenished almost entirely by infiltration within the alluvial
basins of streamflow derived from the mountains; precipitation on
the valley floors is so scanty that it rarely wets the soil beyond field
capacity.
In some valleys the alluvial fill forms large, deep reservoirs that
contain or are capable of absorbing tremendous quantities of water.
Whether the reservoirs are full to overflowing or are unsaturated
in their upper parts depends on the rate of replenishment and the
opportunity for discharge. The depth to ground water in a typical
closed basin is great near the margins of the basin and becomes less
toward the center; wells in and near the central playa may even
flow. The rate of replenishment is generally small, especially in
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relation to the amount of water in storage and the potential rate of
extraction. Thus, the perennial yield of most of the basins is small,
but the storage in the larger basins may be great enough to support
a substantial draft for a long time. Unfortunately, the mineral
quality of the ground water is commonly poor, especially in the
lower parts of the basins where water is easiest to get.
Information is available and is presented for only a few of the
many ground-water basins in the area. Others remain almost
untouched, and their development may be slow because of one or
more of the following factors: remoteness, low permeability of the
valley fill, poor quality of water, and, in the higher and northernmost valleys, a short growing season.
OWENS VALLEY

The Owens Valley (Lee, W. T., 1906; Lee, C. H., 1912) is a narrow
valley about 80 miles long, the southern 50 miles of which lies at
the foot of the highest, ruggedest part of the Sierra Nevada, from
which there is considerable runoff. The valley is drained by the
Owens River, which ends in Owens Lake at the south end of the
valley.
The Owens Valley is one of the principal sources of water for Los
Angeles. Though most of the supply is obtained by surface-water
diversions, the city pumped water from wells penetrating alluvium
along the valley during the early 1930's and again in 1960 and
1961 to supplement surface supplies depleted by drought. The
water stored in the water-bearing deposits of the valley represents
a possible source of additional supply for the city. Development of
ground water in the area north of the city's intake, which is about
35 miles north of Owens Lake, of course would have to be undertaken
with due regard to the' effect of the pumping on the water in the
river. Ground water which drains into the river downstream from
the intake and into the lake, and which is now consumed by
evapotranspiration, represents a perennial source of some magnitude
that is now utilized only in small part.
INDIAN WELLS VALLEY (iNYOKEBN AREA)

The Indian Wells Valley (Kunkel, 1962) is a large alluvial basin
south of the Owens Valley. In it, according to Thompson (1929, p.
168), about 100,000 acres would be suitable for irrigation if enough
water were available. By 1919 only about 800 acres was under
cultivation (idem, p. 166). In 1943 irrigation pumpage was estimated
at 1,590 acre-feet; it probably had riot exceeded 2,000 acre-feet per
year between 1919 and 1943.
Beginning in 1942 water was exported to the Searles Valley to the
east for use in production of potash and other minerals. Development of the Naval Ordnance Test Station at China Lake beginning

204

ROLE OF GROUND WATER IN NATIONAL WATER SITUATION

in 1945 has resulted in a large increase in population and water use
in the Indian Wells Valley. The pumpage was about 6,500 acre-feet
in 1951 and about 10,000 acre-feet in 1960. Most of the water is
pumped in the southern part of the valley, and water levels have
declined as much as 25 feet in the vicinity of Ridgecrest. Water
levels in the northern part of the valley and evapotranspiration from
China Lake have not been affected appreciably, and it appears that
the water in the southern part has been pumped largely from storage.
Ground-water storage in the middle part of the valley in the uppermost 100 feet of saturated alluvium is estimated at 720,000 acre-feet.
This would be enough to supply water to evenly spaced wells at
present pumping rates for several tens of years, and there is 1,000
feet or more of permeable saturated valley fill beneath that uppermost hundred feet (Fred Kunkel, U.S. Geol. Survey, unpublished
data).
ANTELOPE VALLEY

The Antelope Valley (Johnson, 1911; Butcher and Worts, 1960;
Kunkel, 1962) is north of the San Bernardino Valley in the southwest
corner of the Colorado Desert, only about 75 miles north of Los
Angeles. It has an area of about 800 square miles, of which about
one-tenth, or about 50,000 acres, was being irrigated as of 1947.
Water-bearing alluvium is perhaps as much as 2,000 feet thick and
is replenished by infiltration of runoff from surrounding hills and
mountains. The valley is crossed by the Los Angeles (Owens Valley)
aqueduct, and in the water year 1946-47 about 7,000 acre-feet of
water from the aqueduct was put underground. All the water used
in the valley, except for about 10,000 acre-feet per year from surface
sources, is obtained from the ground. The State Department of
Water Resources estimated the net draft (pumpage less return to
the water table) at 109,000 acre-feet in 1947.
The State Division (now Department) of Water Resources, in a
"Memorandum Report on Water Conditions in Antelope Valley"
dated 1955, estimated the total available supply at about 66,000 acrefeet per year, and the overdraft at about 160,000 acre-feet per year,
as of 1950. Water levels are declining an average of about 3 feet
per year.
The State Department of Water Resources estimates that about
400,000 acre-feet of water per year would have to be imported to
meet ultimate needs; it points out that there is a great deal of permeable but unsaturated alluvium in which imported water could be
stored.
MOJAVE BIVEB BASINS

The Mojave River basins (Kunkel, 1962) are a group of irregularly
shaped alluvial basins along the Mojave River which are poorly to
well interconnected hydraulically. The river flows off the north side
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of the San Bernardino Mountains, where it is perennial (Troxell and
others, 1954). The runoff, substantial in amount, generally sinks
into the alluvium within a short distance north of the mountains,
rarely flowing very far over the surface. The river channel is dry
for months at a time in most of the valley area.
The availability of water and the amount of irrigable land vary
from place to place. In general the alluvial fill is as much as several
hundred feet thick and underlies extensive areas. It contains large
quantities of ground water and yields water in varying amounts to
wells. In early years some wells flowed, indicating the presence
within the alluvium of beds of low permeability beneath which water
is confined under artesian pressure. In other areas the water level
was as much as 200 feet below the land surface. Much arable land
remains uncultivated today, and there is still substantial waste of
water by evapotranspiration in areas of native vegetation along the
river 40,000 acre-feet per year according to the State Department
of Water Resources.
One area described in a recent report is Camp Irwin, near Barstow,
Riverside County (Kunkel and Riley, 1959).
COACHELLA AND IMPERIAL VALLEYS

The Coachella and Imperial Valleys lie on the north and south
sides of the Salton Sea, in the structural depression known as the
Salton trough. The trough is the north end of the larger trough
which contains the Gulf of California in Mexico. It is filled to
great depth by unconsolidated deposits.
The valleys differ markedly in ground-water conditions, although
they are superficially similar and most of the water used in both
is used for irrigation. The alluvial fill of the Coachella Valley is
generally permeable and yields several hundred gallons per minute
to individual wells. The water is replenished almost entirely by
infiltration of runoff from the adjoining mountains. As of 1958 the
cultivated area was about 55,000 acres and the withdrawal was about
158,000 acre-feet per year. The State is currently making a detailed
study of the ground-water geology, to determine the perennial yield
of the valley.
A considerable amount of water is currently being imported from
the Colorado River by the Coachella Valley County Water District
508,000 acre-feet in 1958-59, according to California Department
of Water Resources Bulletin 39-59, "Water Supply Conditions in
Southern California During 1958-59," page 29. As a result of
importation and distribution of this water, some waterlogging has
occurred near the Salton Sea. Coordinated use of surface and ground
water will be necessary to relieve the waterlogging, prevent further
waterlogging, and prevent depletion of ground water.
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The unconsolidated deposits underlying the Imperial Valley to
considerable depth were laid down largely in ancient lakes replenished by the Colorado River at times when it overflowed into the
Salton trough. The deposits are prevailingly fine grained silt and
fine sand. According to the U.S. Department of Agriculture, there
are no extensive gravel beds, at least within feasible drilling depth,
and virtually no irrigation with ground water. Much of the ground
water is somewhat saline. Water is brought into the area from the
Colorado River.
The fine-grained deposits become waterlogged readily when excess
irrigation water is applied, and the problems of the valley are largely
those relating to drainage. The level of the Salton Sea rose slowly
for a number of years as water drained into it from both valleys.
In recent years it has begun to stabilize, the tendency toward stabilization reflecting in part increased care in the operation of irrigation
facilities to provide the proper amount of water to crops yet avoid
the accumulation of salt in the soil.
PROSPECTS A3STD NEEDS

California has enough water, including the runoff within its own
borders and its claimed rights in the Colorado River, to meet its
future water requirements, but enormous effort and expense will be
required to capture water in areas of surplus and transport it to
areas of deficiency (State Officials, 1960, p. 13-19). The State in its
present economy and in the promise of great future economic growth,
and with such Federal assistance as may be appropriate, has the
resources to finance the work. All the same, the burden will be great
and will involve future expenditures far in excess of the very large
ones that have already been made in bringing the State to its present
high level of water-resource development.
Many problems involving water law will have to be solved. In
some instances even where the hydrologic and economic feasibility
of a proposed project seems assured legal problems will create difficulties in spite of California's extensive experience in water law
(Hutchins, 1956a). Among California's legal concerns are those
involving the relation of State and Federal powers in the field of
water resources and the Arizona-California lawsuit over division of
the water of the Colorado River, now before the United States
Supreme Court.
The large expenditures required for past developments of water
for use in areas whose natural water supplies are small have justified the making of many comprehensive and costly hydrologic studies
to provide a rational basis for deciding among alternative projects
any of which would be costly. In addition to the many reports cited
specifically in the foregoing, a large number of comprehensive
appraisal reports have been published by State agencies. These are
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typified by such reports as that on sea-water intrusion published by
the California Department of Water Resources (1958), those on the
water resources of the whole State and on the Santa Clara Valley
investigation published by the California Water Resources Board
(1951,1955), and the collection of papers on the ground-water situation published by the University of California (Todd and Clendenen,
1957). Undoubtedly much more money has been spent on hydrologic
studies in California than in any other State. But the future
demands for water and for water information will be so vast that
it must be admitted that what has been done in the past is only
a small part of the total job to be done. The California Water Plan
(California Department of Water Resources, 1957; Tompkins, 1961)
is an enormously impressive achievement which points to at least
the major sources that will be utilized and choices that will be made
in obtaining water for different areas and uses. No other State, has
spent so much effort in predicting future water requirements and
designating the most likely sources of water and methods of development, and no other State has so clear an idea of what the future
is likely to bring. The State would be the first to admit, however,
that the Plan is only a first step in devising the specific measures
needed in each project. Comprehensive hydrologic studies, each
at a scale reflecting the scope and importance of the project it is
designed to support, remain to be made before future projects can
be! justified economically. State and Federal agencies, joined by the
county and local agencies which have assumed sole or major responsibility for so many of the water projects of the past, together will
shoulder the burden of gathering the hydrologic data needed to provide a firm foundation for the water projects of the future.
COLORADO
High, "headwater" State in which originate four of West's major rivers
Platte, Arkansas, Rio Grande, and Colorado. Exports water by gravity to 18
other States; receives comparatively little from others. Under existing
compacts and decrees about half the surface water originating in Colorado must
be delivered to downstream States. Total supply estimated by State at about
16 million acre-feet per year. Water of South Platte, Arkansas, and Rio Grande,
about a quarter of supply, already fully appropriated; that of Colorado River,
about two-thirds of total, expected to be virtually fully utilized within 50
years; only about a third of the river's 11 million acre-feet per year can be
used in Colorado. North Platte and Kansas Rivers, which drain small areas at
north-central and east-central edges of State, account for about 6 percent
of runoff but are limited to minor, small-scale uses in Colorado because of
geography, population, and interstate compacts. State's population 1,753,947
in 1960; expected to increase to 2,600,000 by 1980, and possible development of
oil-shale industry could add another half million. Population and water supply
do not coincide closely; Colorado basin has two-thirds of supply but only
one-eighth of population (1950 census). South Platte basin has about one-tenth
of supply and three-fifths of population, and discrepancy is growing. Arkansas
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basin has about 7 and 24 percent, respectively. Future population growth of
both South Platte and Arkansas basins limited unless water can be imported
in addition to that already brought in from Colorado basin. Rio Grande has
about 9 percent of supply and 3 percent of population, but compact requirements cause water shortage in Colorado; increased salvage and reuse of water
in San Luis Valley most promising approach to increasing supply there.
Ground water available principally in eastern part of State and in San Luis
Valley but generally tied closely to surface water hydrologically and legally,
though specific legal mechanism not yet provided for integrating ground-water
and surface-water development. Opportunities for cyclic storage and pumping
of ground water as part of integrated development smaller than in most other
Western States. High Plains in eastern Colorado has potential problem of
ground-water mining, as in other High Plains States, but supply of parts of
the plains developed on only small scale to date.

Colorado is an area of mountains and high plateaus and plains
lying across the highest part of the Continental Divide. The central
to western-central third is in the Southern Kocky Mountains. To the
west are the dissected plateaus of the Colorado Plateaus and Wyoming Basin provinces and the southeast tip of the Middle Kocky
Mountains. To the east are the dissected lower plateaus of the
Colorado Piedmont and Eaton sections of the Great Plains physiographic province, a part of the Unglaciated Central ground-water
region of Thomas (1952a). In the easternmost part and in a narrow
strip along the eastern part of the north border is the High Plains,
comprising the only large flat areas in the State except for the San
Luis Valley and the basinlike "parks" in the middle of the Kockies.
Colorado has the highest average elevation of any of the conterminous States and has more peaks above 14,000 feet than any other
State, though it defers to California for the highest peak in the
conterminous States.
Because of its elevation, Colorado is an important rain and snow
catcher and a principal gravity-water provider for the surrounding
States. The precipitation is less than in the highest parts of the
Middle and Northern Eockies, but it is above 20 inches in an area
of perhaps 4,000 square miles in the highest part of the mountainous
area. It is 13 to 17 inches along the east edge of the State; declines
westward to below 12 inches east of Fort Collins, Colorado Springs,
and Pueblo and is as little as about 6 inches in the San Luis Valley;
rises in the mountains to as much as 50 inches; and then decreases
again to 8 to 12 inches in the Colorado Plateaus and Wyoming
Basin provinces. It averages perhaps 15 to 16 inches in the State,
though an accurate average has not been computed.
The average annual runoff (pi. 1) is less than half an inch in the
eastern two-fifths of the State, rises above 20 inches in the highest
parts of the mountains, and holds up fairly well in the Colorado
Plateaus and Wyoming Basin, declining below half an inch only in
fhe northwest and southwest corners of the State. The average for
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the State is about 4.1 inches, for a total of about 20 bgd (23 million
acre-feet per year), according to measurements made in 1951 by
C. H. Hardison of the U.S. Geological Survey (unpublished data)
from the runoff contours of Langbein and others (1949) reproduced
in plate 1. The State (State Officials, 1960, p. 20-27) uses different
figures, calculating out to a total of about 16 million acre-feet per
year. This figure reflects the available flow of the major streams,
whereas the larger figure includes runoff that is lost by natural
processes and does not reach the major streams. The smaller figure
probably reflects also the droughts of recent years, whereas the
larger figure is an average for the period 1921-45. The State (idem,
p. 21) points out that about half the available surface-water supply
must, under eating compacts and decrees, be allowed to flow to
downstream Stajtes.
GROUND-WATER RESOURCES

Colorado's ground-water resources are largely east of the Continental Divide, in contrast to the surface-water supply, of which
two-thirds is in the Colorado River basin, about the western threeeighths of the State. As in other Western States, the principal
aquifers are largely alluvial sand and gravel, in the San Luis Valley
of the Eio Grancle and the Platte and Arkansas Eiver basins, which
include "watercourses" along the streams; and in the Ogallala Formation of the High Plains. Sandstone forms extensive and useful
but only moderately productive aquifers in the Denver artesian
basin and in areas generally south of the Arkansas River between
Pueblo and the Kansas line, forming the so-called Arkansas Valley
artesian area. West of the Divide there are a few stretches of "watercourse" along the principal streams, and there is a fairly large alluvial basin along parts of the Yampa and Green Rivers in the northwest corner of the State, traversed by watercourses along the Yampa
and the Little Snake. The largest aquifers west of the Divide, however, are the sandstones of the Colorado Plateaus and Wyoming
Basin, which generally yield less than 50 gpm to individual wells and
are thus shown as blank in plate 1.
Irrigation is the largest single use of ground water; more than
95 percent of a total of about 2^ million acre-feet pumped in 1959
in the South Ptlatte and Arkansas basins and the San Luis Valley
was used for irrigation. The total pumpage was greatest, about
1,200,000 acre-feet, in the San Luis Valley; it was about 800,000
and 200,000 acre-feet in the South Platte and Arkansas basins,
respectively.
Ground water is becoming increasingly important. About 20,000
wells were drilled in the State in 1953-59. Most of the water is
pumped in the areas that have the smallest surface-water supply;
only about a quarter of the State's surface-water supply is in the
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three basins in which most of the ground water is pumped. It is
apparent, therefore, that problems of ground water-surface water
interference will become increasingly important and will make it
necessary to devise a rational legal and hydrologic approach to maximum beneficial use of the limited supply.
DESCRIPTION OP AREAS

For description of the ground-water conditions Colorado can be
divided into 10 somewhat overlapping areas or groups of areas.
These are the High Plains; the South Platte Kiver basin; the
Arkansas Kiver basin; the Arkansas Valley artesian area (part of
the Arkansas River basin; overlaps with the High Pkins); the
Denver artesian basin (part of both the South Platte and the
Arkansas River basins); the San Luis Valley in the Rio Grande
basin; alluvial stretches along the Colorado River and tributaries;
the Colorado Plateau area; the mountainous areas; and North,
Middle, and South Parks in the Rocky Mountains. The areas of
greatest present and potential development are in the first six
groups. As to the seventh group, large supplies possibly could be
developed from watercourses in short stretches along the Colorado
and tributaries; but, except as the pumping locally salvaged water
now discharged by evapotranspiration, practically all the water
would come from the streams and would have to be considered a
part of their supply. Similar interference between ground-water
and surface-water development exists or is a possibility along some
of the streams of the first six groups also.
HIGH PLAINS

Wells are virtually the only source of water in the High Plains.
The South Platte and Arkansas Rivers have cut to bedrock where
their courses cross the Ogallala Formation in Colorado, and so cannot contribute to the replenishment of the water in the Ogallala.
Thus, even though alluvium along the streams crossing the High
Plains is an important source of water for the immediately adjacent
areas, the uplands of the region are "on their own" so far as groundwater recharge is concerned. There are indications that the recharge
in at least a part of the High Plains in Colorado is higher than
it is, for example, in the High Plains of Texas. In the basin of
Frenchman Creek, a tributary of the Kansas River by way of the
Republican, the average annual recharge to the Ogallala Formation
was determined as a result of careful work to be 0.8 inch per year
in the Colorado part and 1.0 inch in the Nebraska part (Cardwell
and Jenkins, 1962b) far greater than the average in the Texas
Plains. The dune sand that covers the Ogallala Formation in about
a third of the total drainage area of Frenchman Creek in Colorado
and Nebraska no doubt is responsible for a substantial part of the
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difference. Also, the tight lime-cemented rock called "caliche" that
impedes infiltration of rainwater may be less continuous in the
Frenchman Creek basin than in Texas. The strong contrast in recharge in these seemingly rather similar areas is just one more
example of the danger in generalizations and the need to obtain
specific hydrologic data on each area.
The part of the High Plains area south of the Arkansas Kiver
that is in southern Prowers and northern Baca Counties is a part of
the Arkansas Valley artesian area as well as the High Plains, as
the Ogallala Formation is underlain by the same artesian sandstones
that are utilized along the Arkansas farther west. A few artesian
wells have large yields. One was reported to be the most productive
irrigation well in Colorado drawing from consolidated rocks; it
yielded 3,000 to 4,000 gpm (McLaughlin, 1954, p. 59).
The Ogallala in Colorado generally ranges in thickness from 200
to 300 feet but is more than 400 feet thick in some places. It thins
to the vanishing point at the edges of the plains, but the thinning
is rather abrupt instead of gradual (McLaughlin, 1946b, p. 127).
The lower one-third to one-half of the formation is saturated in
most places, and the total amount of water in storage in Colorado
is estimated at 150 million acre-feet. Only a part of this quantity
is available for use, however, owing to the retention of some by
capillarity (specific retention) and to practical difficulties in drawing the level down evenly so as to get as much of the water as possible.
About 400 irrigation wells tap the Ogallala, yielding 100 to 3,000
gpm and averaging 1,000. About 60,000 acre-feet of water was
pumped from them in 1959. Municipalities pumped about 3,300 acrefeet. Domestic and stock wells have an average yield of about 5 gpm
and produced a total of not more than a few hundred ^acre-feet
in 1959.
The water is of good quality for irrigation and most other uses
dissolved solids 100 to 400 ppm and hardness ranging from 60 to
300 ppm and averaging 100. In some areas a moderately high silica
content limits the usefulness of the water for some industrial
processes.
Colorado is joining the march of other High Plains States in
developing the ground-water supply of the plains. The present total
withdrawal from the Ogallala Formation in Colorado is less than
the recharge in the Frenchman Creek basin alone, though the pumping may already be exceeding replenishment locally. In the long
term, however, development could easily increase beyond total replenishment. Much of the plains area is irrigable, and if a quarter
of it were irrigated, as might ultimately be the case, the withdrawal
even at 1 acre-foot per year per acre of crops obviously would exceed
the total recharge even if the average recharge were as high as the 0.6
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inch in the Frenchman Creek basin, which is not likely. Ground
water would then be mined, as in the High Plains of Texas and
New Mexico.
The Ogallala Formation constitutes a very large and only partly
filled ground-water reservoir which could absorb tremendous quantities of surface water if the water were available. Unfortunately,
nearly all the surface water is already spoken for. There is one
High Plains area whose floodwaters have not been adjudicated,
however the Arikaree River basin in Washington County and
landowners in the vicinity of Cope are considering capturing some
of the floodwater and recharging it to the Ogallala Formation. Some
of the water forming ephemeral lakes and ponds in wet weather
could be similarly recharged, as the water in many of the ponds is
not tributary to streams and hence is not subject to the appropriative
rights in effect on the streams.
The High Plains, in view of the potential economic importance
of the ground-water supply, has received much of the attention of
the U.S. Geological Survey and the Colorado Water Conservation
Board in their cooperative studies. Fieldwork for descriptive reports
has been completed in all the High Plains areas except eastern
Cheyenne and Kiowa Counties, and studies in that area were due
for completion in 1961. Reports on Baca County, the lower South
Platte River valley, and the area adjacent to Big Sandy Creek in
Lincoln, Elbert, and El Paso Counties have been published (McLaughlin, 1954; Bjorklund and Brown, 1957; McLaughlin, 1946b);
reports on the Frenchman Creek basin and Yuma County have been
completed (Cardwell and Jenkins, 1962; Weist, publication pending) ; and reports on the other counties or areas are in preparation.
Cardwell (1953) desribes irrigation-well development in the Kansas
River -basin in Colorado as of 1950.
SOUTH PLATTE RIVER BASIN

The South Platte River basin as defined for this report includes
the drainage area of that river east of the Rocky Mountain front.
The South Platte area is the most intensively developed irrigated
area in Colorado (though it is second to the San Luis Valley in
use of ground water). Ground water is used principally for irrigation but meets many domestic, stock, municipal, and industrial demands also. The ground water used for irrigation chiefly supplements surface water, but in dry years it is the principal supply
in many places.
The chief aquifer is alluvium along the river and its principal
tributaries, and its water supply is closely related to that of the
streams because the water alternately feeds the streams and is fed
by them, either directly or by seepage from canals and irrigated
land. Studies show that the same water may be used, either as
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ground water or as surface water, as many as seven times in the
65-mile stretch from Denver to Kuner, Colo. (Thomas, 1952a, p. 43;
see also Waite and others, 1949, p. 25-26, 78-79).
There are about 1,500 irrigation wells in the main valley between
Denver and Kuner. Between Kuner and the State line there were
about 1,200 in 1950, and the number has increased substantially
since then. The wells yield 400 to 2,000 gpm and average about 900
gpm; wells in tributary valleys yield 50 to 1,800 gpm and average
about 800 gpm.
Underflow7 in the main valley is estimated at 10,000 acre-feet per
year just north of Denver, 13,000 at Greeley, 12,000 at Kersey, and
8,000 at the State line. Owing to interchange of ground and surface
water, these figures mean little in relation to total supply, but they
give an indication of the ability of the alluvium to carry water
down the valley under existing gradients.
About 730,000 acre-feet was pumped for irrigation in 1959. Industrial pumpage was about 30,000 acre-feet and municipal pumpage
about 21,000 acre-feet in that year. Smaller quantities were used for
rural domestic and stock supplies.
The ground wrater in the main valley tends to deteriorate in quality
downstream. That the deterioration is a result of reuse and evaporation of the wrater is demonstrated by a recent survey which shows
an increase in hardness throughout the valley in the last 10 years.
The average dissolved-solids content near Denver is about 1,300 ppm;
at the State line it is about 1,800 ppm. The water is usable for irrigation but some of it has a high "salinity hazard" (U.S. Salinity
Laboratory Staff, 1954, p. 76). It is generally unsuitable for domestic
and municipal supplies, though it is so used in the absence of better
water. The ground water in tributary valleys is generally of somewhat better quality.
A problem of increasing concern is contamination of ground water
by household detergents, inadequately treated domestic wastes, and
industrial wastes. Industrial waste from' the Rocky Mountain
Arsenal near Henderson, northeast of Denver, has contaminated
ground water in an area of several square miles (Walker, 1961, p.
489-494). The discharge of the waste into pits from which it could
leak to the water table has been stopped, and as of December 1961
discharge of the waste into a deep well was to begin. The well is
reported to be 12,045 deep and to be cased to 11,975 feet. The waste
is to be discharged at first into fractured Precambrian rocks below
11,975 feet. If these rocks prove to be inadequate to accept all the
waste, successively higher saline-water aquifers in Paleozoic rocks are
to be utilized by perforating the casing opposite them.
Ground-water development has reached the practical maximum in
671316 O 63
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certain areas, especially in certain tributary valleys, which have only
small surface-water supplies and a low rate of natural recharge. The
water table has declined substantially in the Bijou, Kiowa, Beaver,
and Box Elder Creek valleys. In the main valley the recharge,
principally from surface water diverted or imported for irrigation,
is greater and ground-water levels have remained high.
Better water management could alleviate some of the problems,
both in the main valley and in tributary valleys such as those of the
Cache la Poudre River and Beebe Draw. For example, there is some
waterlogging as a result of application of irrigation water; the condition could be cleared up and the supply extended by pumping wells
in these areas.
Artificial recharge is a possible conservation measure in some
areas. Surface water is fully appropriated or even overappropriated, but there are sources such as unappropriated sewage effluent,
unused ditchwater now going to waste, and other water not being
fully used beneficially.
Some water is imported into the basin from the Colorado River
basin. Within the near future, the rate will reach 500,000 acre-feet
per year as a result of two projects alone, the Denver municipal
water supply and the Colorado-Big Thompson project.
The principal published reports on the area are those on the valley
downstream from Hardin (Bjorklund, 1957b; Bjorklund and Brown,
1957). A similar report on the area between Denver and Hardin is
in preparation, and one on the Cache la Poudre valley has been
completed (Hershey and Schneider, publication pending). Additional studies are needed for further evaluation of the possibilities
of artificial recharge and of salvaging evapotranspiration losses.
The Denver artesian basin is partly in the South Platte and partly
in the Arkansas, drainage area. It is described separately.
ARKANSAS RIVER BASIN

The Arkansas River basin is similar hydrologically to the South
Platte basin. As for that basin, the Arkansas River basin as
described in this report is the drainage area east of the Rocky Mountain front. It is second only to the South Platte basin in overall
development for irrigation. Ground water is used extensively for
irrigation, mainly as a supplement to surface water but as a sole
supply in some areas in dry periods. The ground-water pumpage is
only about one-fourth as large as that in the South Platte basin,
however.
The principal aquifer is the alluvium along the Arkansas and its
principal tributaries, especially Fountain Creek. As in the South
Platte valley, the present position of the river channel may not coincide with the deepest section of valley fill. In Prowers and Bent
Counties the deepest part of the old channel is generally north of
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the present river; in Bent County deposits in the old channel furnish
about three-quarters of the ground water used for irrigation.
There are about 1,500 irrigation wells in the main valley in
Otero, Bent, and Prowers Counties. They yield 100 to 3,000 gpm and
average 800. The tributary valleys, except for that of Fountain
Creek, are sparsely developed; the few wells yield 200 to 1,000 gpm
and average about 300. Irrigation wells in the Fountain Creek valley
yield as much as 1,300 gpm and average about TOO.
Pumpage from the valley fill in 1959 was about 180,000 acre-feet
for irrigation, 3,900 acre-feet for industrial use, and 8,200 acre-feet
for municipal supply. Rural domestic and stock wells pumped a few
hundred acre-feet.
As in the South Platte valley the quality of the ground water
generally deteriorates downstream. The dissolved-solids content and
hardness in the La Junta area average 2,600 and 1,400 ppm; at the
State line the corresponding values are 3,000 and 1,500 ppm. The
water is unsuitable for domestic and municipal supply, though some
of it is so used. The poor quality of the water is responsible for the
slowness of the growth of several towns in the valley.
Waterlogging has occurred in some areas near the State line, and
it may increase there and may develop in other areas as a result of
importation of additional water in the Fryingpan-Arkansas
project, authorized by the Congress in 1962. The problem is not as
severe as it might be because the waterlogging is confined mainly
to the flood plain, which is little used for crop growth. The terraces
above the flood plain where most of the crops are grown are waterlogged in few places, even though water is being applied to some
fields during the nongrowing season, to build up soil moisture.
Water-management studies now underway suggest that increased
application of water to the terraces, coupled with increased pumping
of ground water, could both increase overall water supplies and provide better regulation, to the mutual benefit of all water users in
the valley.
The quality of water will have to be considered in the design of
water-management practices. The water in the alluvium in both the
main valley and some tributary valleys is of poor quality; that in
other tributary valleys is better. The river water is more or less
severely contaminated by sewage effluent and industrial wastes. In
some situations the quality of water will impede or prevent practices
that otherwise would be beneficial.
Concentrated pumping has caused temporary shortages in the
Fountain Creek valley between Colorado Springs and Fountain,
but through mutual action of the well owners the situation has been
improved. In both heavily pumped areas and some lightly pumped
areas in certain tributary valleys, including especially the Fountain
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Creek and Big Sandy Creek valleys, substantial ground-water storage space is available. Under present conditions surface water is
limited and even floodwater is largely appropriated for downstream
uses. The extent to which the underground storage capacity of the
tributary valleys can be utilized as a phase of future water management is not yet certain, but the possibilities are not being overlooked.
The principal report published to date is that on the upper Big
Sandy Creek valley (McLaughlin, 1946b). Ground-water reports on
the Arkansas basin are listed and the areas covered are shown on a
map prepared by Lohman and Burtis (1953a), and the general
availability of and depth to ground water are shown on a second
map (Lohman and Burtis, 1953b). A report on the Fountain and
Jimmy Camp Valleys in El Paso County has been completed (Jenkins, publication pending), and fieldwork for detailed ground-water
studies in Prowers County has been completed. A basic-data report
on Prowers County has been published (Voegeli and Hershey, 1960).
It was the first of a statewide series of county basic-data reports of
which several others have since been published. Fieldwork is
underway in the main valley below Canon City and in the lower
Big Sandy Creek valley. Additional studies of natural and artificial
recharge and evapotranspiration are needed, as in the South Platte
valley.
The Arkansas Valley artesian area, a part of the Arkansas Kiver
basin including a small area of the High Plains, is described next.
A description of the Denver artesian basin, partly in the Arkansas
and partly in the South Platte basin, follows that on the Arkansas
Valley artesian area.
ARKANSAS VALLEY ARTESIAN AREA

Artesian water is available from consolidated rocks, principally
sandstone, in the Arkansas River basin from Canon City to the
State line. The water, which is used mainly for domestic and municipal supplies, is generally softer and less mineralized than that in
the valley fill. The content of hydrogen sulfide, iron or fluoride is
locally excessive. Determinations made to date suggest that a content of radioactive elements above the "maximum permissible limit"
may prove to be a rather general water-quality problem in the area
(Scott and Voegeli, 1961).
The principal artesian aquifers are the Cheyenne Sandstone Member of the Purgatoire Formation and the Dakota Sandstone, both
of Early Cretaceous age. They underlie almost the entire Arkansas
River basin east of the mountain front. The principal areas in which
they are both moderately to highly productive and at feasible drilling
depth are shown patterned in plate 1. North of the Arkansas River
they lie at depths great enough to discourage extensive development.
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In the southeast corner of the State older aquifers of Triassic and
Jurassic age yield moderate supplies of fresh water, but the area
in which they will do so is small.
The aquifers generally are fine- to medium-grained sandstone and
yield small to moderate supplies to wells. The sandstone is very
coarse grained in a few areas, and large yields have been obtained
for irrigation from a few wells in the Bear Creek area of Baca
County and in southern Prowers County, including the well mentioned previously in the description of the High Plains. Irrigationwell yields range from 50 gpm to the yield of 3,000 to 4,000 gpm from
the Baca County well. The irrigation pumpage is not known but
presumably totals a few thousand acre-feet per year. The number
of domestic and municipal wells is not known. However, the wells
generally are widely scattered and the withdrawal is small compared
to that from valley fill. Municipal withdrawals in the artesian area
were about 2,400 acre-feet in 1959.
Tn areas near Las Animas and Rocky Ford heavy pumping from
the sandstone, which lies immediately beneath the valley fill, has
caused or may cause encroachment of poor-quality water from the
fill. A decrease in pumping in the Rocky Ford area in recent years
has resulted in improvement of the quality of the water.
Additional water can be pumped for domestic, stock, and municipal uses in areas not yet developed. Information on the long-term
yield of the aquifers is needed, especially in areas where they are
productive enough to be pumped for irrigation.
A report on water in the Dakota and Purgatoire Formations in
Otero and southern Crowley Counties has been completed (Weist,
publication pending). Information on the artesian aquifers is
found also in county reports which deal mainly with unconsolidated
aquifers, such as the report on Baca County in the High Plains
(McLaughlin, 1954).
DENVEH ARTESIAN BASIN

The Denver artesian basin surrounds the city of Denver, extending a short distance to the mountains on the west and 50 to 75 miles
to the north, east, and south. It is shown patterned in plate 1. The
water supply of this most heavily populated and fastest growing
part of Colorado is obtained mainly from streams, including tributaries of the Colorado River from which a quarter of a million acrefeet per year will be imported through tunnels for the Denver municipal supply, along with a similar amount for the Colorado-Big
Thompson project (Sparks, 1960, p. 1876). Ground water is of
considerable importance for industrial, irrigation, and municipal
supplies, however. As population increases, the need for ground
water of acceptable quality will increase also.
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The major sources of ground water are aquifers in the "bedrock,"
some of which is only slightly to moderately consolidated. Alluvium
of the South Platte River and tributaries also furnishes large quantities of water, as discussed in the section on the South Platte basin.
The principal bedrock aquifers are sand, sandstone, gravel and
conglomerate in the Fox Hills and Arapahoe Formations, the Dawson Arkose ("arkose" is sand or gravel containing much feldspar,
as well as quartz), and the Denver Formation, of Late Cretaceous
and Tertiary age. The Fox Hills contains three beds of fine- to
medium-grained sandstone separated by shale and clay, the lower,
middle, and upper beds yielding as much as 50 to 90 gpm and an
average of 40, 10, and 40 gpm to individual wells. The Arapahoe
Formation and Dawson Arkose contain beds of arkosic sand, gravel,
and conglomerate, the coarser beds in the Dawson being more numerous and more arkosic than those in the Arapahoe. The Denver
Formation's aquifers are conglomerate, sandstone, and locally uncemented sand. The aquifers have the following yields: lower part of
Dawson, 50 to 100 gpm, average 75; middle part of Dawson and
lower part of Arapahoe, 40 to 100 gpm, average 50; upper part of
Arapahoe, 1 to 20 gpm, average 5; upper part of Dawson, 1 to 20 gpm,
average 10; lower part of Denver, 1 to 10 gpm, average 3.
The Fox Hills Formation, the lowest of the water-bearing formations, underlies nearly the entire basin, or about 5,000 square miles;
the Arapahoe Formation about 1,000 square miles; and the Dawson
Arkose about 3,000 square miles, including about 1,000 square miles
where it interfingers with the Arapahoe and Denver Formations.
Withdrawal from the artesian aquifers as of 1959-60 was about
2,000 acre-feet per year for municipal use and about 10,000 acre-feet
for rural domestic and stock supply. A relatively small amount was
withdrawn for irrigation.
The water is mostly of the sodium bicarbonate type, soft but not
well suited for irrigation. Water from the Fox Hills, lower and
middle parts of the Dawson, and lower part of the Arapahoe is
generally of good quality and is suitable for most uses. Locally the
mineralization is higher because of structural conditions that impede
ground-water circulation. The water of the upper part of the Arapahoe Formation and of the Denver Formation generally is a little
higher in mineralization than that of the other principal aquifers,
reflecting lower permeability and yield. In places water from the
middle and upper parts of the Dawson has an excessive content of
the radioactive gas radon, a decomposition product of radium. Excessive iron is found locally in water of the upper parts of the Dawson
and Arapahoe and in water of the Denver Formation.
As of 1960 the Arapahoe Formation at Denver had been pumped
for 77 years. In the center of the cone of depression the artesian
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head has declined more than 600 feet. Substitution of water from
the municipal supply and dispersal of industries and housing developments have reduced or spread the withdrawal and lessened the
rate of decline in recent years. Withdrawals from the Fox Hills
Formation during the last 30 years have created local cones of depression as much as 350 feet deep in the piezometric surface of the
aquifer.
. There are no undeveloped aquifers, but additional water can be
pumped from all the aquifers to the extent that the pumping lifts
can be tolerated. The Dawson Arkose has been tapped by relatively
few wells so far.
Artificial recharge of the aquifers through wells is believed to be
feasible. Surface water is available from the imported supply, and
there are some unused ditch rights and some unappropriated sewage
effluent that could be used, the latter of course after intensive treatment to remove pathogenic bacteria and other harmful substances.
The Blue River decree under which Denver is increasing its imported
supply specifies that the water shall be reused to the maximum
practical extent. There are legal and ethical problems as to how the
cost of the water and of injecting it should be paid. Artificial
recharge would benefit the recharged wells and those nearby the
most, but would benefit others also to a degree lessening with
distance.
A study of the basin has been completed and a report is in
preparation.
SAN LTJX8 VALLEY

The San Luis Valley (Powell, 1958; McLaughlin, 1962), the site
of Colorado's largest single ground-water development, is a 1,500square-mile structural basin interrupting the Southern Rocky Mountains just north of the New Mexico State line. The basin has been
partly filled with alluvial and lake deposits and some lava flows and
other volcanic deposits. The maximum thickness of the valley fill,
which is of late Tertiary and Quaternary age and comprises the
Santa Fe and Alamosa Formations, is at least 8,000 feet.
Thick and extensive beds of clay divide the valley fill into an
upper group of unconfined aquifers and a lower group of artesian
aquifers. The basin is nominally drained by the Rio Grande, but
actually the northern part, the "Closed Basin," is an area of internal
drainage. Shallow ground water, some artesian water, and surface
water applied for irrigation (most of the surface water diverted from
the Rio Grande in Colorado is used in the Closed Basin) move into
the basin and evaporate in a 250-square-mile "sump area." A little
of the return flow from irrigation is diverted from the Closed
Basin by drains and reused elsewhere, and some of the artesian
water escapes southward beneath the shallow ground-water divide
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and eventually drains into the river. Most of the water that enters
the Closed Basin evaporates there, however, so that the water
beneath and near the sump area is saline.
Large quantities of both artesian and shallow ground water are
used for irrigation, and smaller quantities for other purposes. Flowing artesian wells yield an average of 47 gpm, but some artesian
wells are pumped at rates as high as 4,400 gpm. The yearly withdrawal from the artesian aquifers was estimated at 570,000 acre-feet
in 1953. Irrigation wells producing from the unconfined aquifers
have an average yield of about 1,000 gpm, and the total withdrawal
was about 500,000 acre-feet in 1951. The combined withdrawal for
irrigation in 1959 was estimated at 1,200,000 acre-feet. About 2,900
acre-feet was withdrawn by municipalities, and 340 acre-feet for
industrial use.
Large additional quantities of both artesian water and, in lightly
developed areas, unconfined water remain to be developed. To the
extent that the withdrawal salvages water now evaporated either in
the Closed Basin or in the remaining part of the valley, it will not
be competitive with use of surface water and will not affect Colorado's obligations under the Rio Grande Compact. Water can be
salvaged by pumping it out before it reaches the area of saline
water. In the vicinity of saline San Luis Lake, eradication of
phreatophytes might improve the quality of the water and assist in
the process of salvage.
The detailed study of the valley (Powell, 19I58), the most comprehensive of its type yet made in Colorado, was undertaken principally
to evaluate the proposal to collect shallow ground water in the
Closed Basin, now lost by evapotranspiration, by means of a drain
and discharge it into the Rio Grande in partial fulfillment of the
requirements of the Rio Grande Compact. The study showed that
the water that would be collected by the proposed drain would not
be of suitable chemical quality unless it could be diluted with a much
larger quantity of water of better quality. Consideration is still
being given to means by which to achieve the desired end of salvaging water now wasted by evapotranspiration, for use in meeting
compact requirements.
Another question relates to "subirrigation," the practice of growing crops which obtain their water by sending their roots to the
water table where it is very shallow. Maximum utilization of ground
water would involve lowering the water table substantially at least
seasonally, both to obtain maximum yields and to create storage
space for surface water, and of course would interfere with subirrigation in some areas where it is now practiced.
Outside the sump area the ground water is of good to fair quality.
It is generally best in the artesian aquifers, whose water contains
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70 to 450 ppm of dissolved solids and has a hardness of 8 to 230
ppm. The unconfined water has been concentrated by evaporation
both under natural conditions and as a result of recirculation of
irrigation water. The quality is best at the west side of the valley,
where the average dissolved-solids content is about 134 ppm. In the
eastern part of the valley, in the vicinity of San Luis Lake, the
average concentration is about 2,700 ppm.
ALLUVIUM OF THE COLORADO RIVER AND TRIBUTARIES

The Colorado River drains about the western third of Colorado.
Surface water is the principal source of supply and is of better
average quality than the ground water. Ground water is used for
many domestic and stock supplies and by a few municipalities and
industries.
The aquifers are alluvium along the streams watercourses and
"upland gravels," or terrace deposits, representing alluvium deposited in the past when the streams flowed at higher elevations during
the process of cutting their valleys to the present levels. The watercourse stretches are shown in plate 1. There is a sizable alluvial
basin along parts of the Yampa and Green Rivers in the northwest
corner of the State. The basin is traversed by a watercourse along
the Yampa River. Another one along the Little Snake River, a
tributary of the Yampa, extends northeastward out of the alluvial
basin to and across the Wyoming line. Bedrock forms a moderately
productive aquifer along some stretches of the Yampa and Green
outside the alluvial basin.
No studies have been made of the alluvial aquifers. The water is
reported to be of poor quality at least locally, probably at least in
part as a result of evapotranspiration of water along the valley
bottoms. The alluvial aquifers are a potential source of at least
some water that could be salvaged from evapotranspiration, and
there is some unappropriated surface water that could be made
available by induced infiltration to wells. Reconnaissance and, in
places, detailed studies of the occurrence and quality of ground water
and its relation to surface water are needed to facilitate the future
developments of ground water that are certain to t>e made.
COLORADO PLATEAU AREA

The Colorado Plateau area, of which a part is described in an
open-file report by Waring (1935), comprises the Colorado part of
the Colorado Plateaus-Wyoming Basin ground-water region. It lies
mostly in the Colorado Plateaus physiographic province but includes
a segment of the Wyoming Basin in the northwestern part of the
State. It is drained by the Colorado River and its tributaries. It is
a sparsely settled area of plateaus incised by deep valleys. Except
in the few stretches of watercourse along the principal streams,
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discussed in the previous section, the aquifers are consolidated
strata, principally sandstone. In order of importance they are the
Dakota Sandstone of Cretaceous age; the Entrada and Junction
Creek Sandstones and the Salt Wash Sandstone Member of the
Morrison Formation, all of Jurassic age; and the Wingate Sandstone of Triassic age. Older rocks generally yield no water, or water
that is too highly mineralized for ordinary uses.
The aquifers generally yield less than 50 gpm to individual wells,
although a few have yielded as much as 200 gpm. In a stretch along
the Green Biver and another strip to the south, shown in plate 1,
the aquifers yield enough to justify showing the areas as patterned.
No doubt other such areas will be found in this large region in the
future, but in general the rocks are of low to moderate productivity.
The low productivity, and yet great value, of some aquifers in
areas where they are the only ones available is exemplified by the
Entrada and Wingate Sandstones and sandstone of the Morrison
Formation in the Grand Junction area (Jacob and Lohman, 1952),
commented on in the discussion of the contrast between these aquifers
and those in the Coastal Plain (p. 73). The aquifers have been
developed intensively in an area of less than 5 square miles near
Grand Junction. Wells originally flowed at rates of 1 to 20 or 30
gpm, but because the sandstones are of very low permeability the
drawdown to produce a given yield is large, and the artesian head
has declined greatly. Many wells have stopped flowing and the flow
of others has lessened. Most are now pumped, at rates ranging from
a few gallons to a few tens of gallons per minute. The rate of
decline of head could be reduced by spacing wells more widely,
shutting off flowing wells when they are not in use, and repairing
or plugging wells having leaky casings.
There is no information on total withdrawal from wells in the
Colorado Plateau area, and very little on quality of water. A few
analyses suggest that some of the water is of the sodium bicarbonate
type, but there is considerable variation in quality within aquifers
and from one aquifer to another.
The area is one in which present use of ground water is small,
mostly for domestic and stock supply but also for a few towns. The
population and water demand are bound to increase greatly in the
future, however. Surface water will be the principal source of supply,
but ground water will be sought for many small to moderate demands for which surface water is unavailable or too expensive to
treat. Keconnaissance studies of the whole area are needed, and
detailed studies will be needed in areas of more intensive development as they come into being. The principal studies made to date
are one in the Grand Junction area, reported briefly by Jacob and
Lohman (1952) and more comprehensively by Lohman (publication
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pending); and one in the Ute Indian Keservation in the southwest
corner of the State on which a report is now in preparation.
MOUNTAINOUS AREAS

The mountainous areas are the Colorado portion of the Southern
Rocky Mountains in the middle of the State and the southeast tip
of the Middle Rocky Mountains in the extreme northwest corner
of the State. The Southern Rocky Mountains are interrupted by
four large basins, the San Luis Valley at the south and the "parks"
described in the next section. The Wyoming Basin is an even larger
basin separating the Southern and Middle Rocky Mountains.
The mountains are sparsely settled, and water demands are small.
The rocks are mostly hard, dense igneous and metamorphic rocks
of low permeability, carrying small quantities of water principally
in fractures and weathered zones. Consolidated sedimentary rocks
underlie small areas and are not much better as water bearers. Alluvium is present along streams and in some basins not large enough
to be separated off like the "parks" and the San Luis Valley.
Stockraising, mining, lumbering, and recreation are the chief activities. Water demands are generally small and are met largely
with surface water, but ground water is obtained locally from wells
and springs for domestic, stock, and municipal supplies.
Reconnaissance studies of the mountainous areas are needed to
locate promising areas and aquifers for future development. There
are some problems of mine drainage that will require detailed
study. The only area covered by a descriptive study to date is
Huerfano County at the northeast side of the San Luis Valley. A
report on the county is in preparation.
NORTH, MIDDLE, AND SOUTH PARKS

North, Middle, and South Parks are structural basins similar to
but smaller than the San Luis Valley. The basins contain unconsolidated alluvium and terrace deposits of Quaternary age beneath
which, and cropping out in large areas especially at the edges of
the basins, are older valley-fill deposits of Tertiary age which are
semiconsolidated or consolidated. The Quaternary alluvium is the
most productive aquifer but the Tertiary strata supply water' to
many domestic and stock wells.
The parks are sparsely settled and are used principally for stockraising. The largest water needs are met from streams, but ground
water is used for many rural stock and domestic supplies and for a
few municipalities. The number of wells is not known. Wells penetrating the alluvium yield 5 to 100 gpm but possibly could yield
more in some places. Wells penetrating the Tertiary rocks yield
generally smaller supplies which probably do not exceed 100 gpm.
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The water from the alluvium is generally suitable in quality for
most uses. That from the Tertiary rocks probably averages higher
in mineral content, though most of it is acceptable for domestic and
stock uses; locally it is probably rather highly mineralized owing
to low permeability and slow ground-water circulation.
Fieldwork for a reconnaissance of North and Middle Parks has
been completed and a report is in preparation. No especially serious
problems were revealed, but the study shows the need for further
studies to locate good aquifers and to throw light on ground watersurface water relationships.
PROSPECTS AND NEEDS

Colorado's total ground-water pumpage of a little more than
2 bgd amounts to something more than 1,100 gpd per capita for
the 1960 population, several times the national average for ground
water. It is not likely that the total will rise a great deal higher
over the long term, however. The aquifers that are both highly
productive and freely recharged are in the valley fill along the
Platte and Arkansas Rivers and their principal tributaries and in
the San Luis Valley. Those in the Platte and Arkansas basins are
recharged mainly from streamflow and by surface water diverted
for irrigation, and future expansion of pumping will depend on
importation of additional water into those rather fully appropriated
basins. The aquifers in the San Luis Valley are capable of further
development, but in the long run the additional supply that can
be pumped without further effect on the flow of the Rio Grande is
the amount of evapotranspiration that can be salvaged. The aquifers
in the artesian areas in the Platte and Arkansas basins and the
Ogallala Formation of the High Plains can be developed further
in some areas, but the average rate of recharge is not great as compared to the potential rate of extraction. Also, high rates of extraction from the artesian aquifers mean great pumping lifts. Thus
on a long-term basis the artesian aquifers and the Ogallala Formation have moderate rather than great capabilities.
The State's remaining water supply is largely on the western slope
in the Colorado and its tributaries an area of generally small
ground-water supplies. Locally, rather productive bedrock aquifers
doubtless will be discovered, but they probably will be found to be
recharged at a low rate or, if at a high rate, by surface water so
that competitive rights must be considered. Locally, large supplies
can be developed along watercourses, but here again the water is
essentially surface water, naturally filtered by passing through the
ground to the wells.
Nevertheless, many highly valuable ground-water developments
lie in Colorado's future, and the key to them is information on the
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location of productive aquifers, information on sources and amounts
of recharge and relation to surface-water supplies, and development
of effective hydrologic and legal means of developing both ground
and surface water in a coordinated way, with maximum effectiveness
and economy.
Colorado's basic principle of water law is that of appropriation.
"Percolating ground water" tributary to a watercourse has been held
to be subject to appropriative rights on the watercourse (McGuinness, 1951b, p. 18). Some "percolating water," such as that of the
High Plains uplands and of some of the artesian areas, perhaps
could be shown not to be tributary to a watercourse, but whether
it would be held to be subject to appropriation or to be the property
of the overlying landowner is not clear. Thus, Colorado is in a position of needing to clarify the law, so as to remove confusion that
would be detrimental to future attempts both to develop ground
water as such and to develop ground and surface water on an integrated basis for maximum effectiveness. Colorado recognizes this
problem and in the Ground-Water Codification and Eesearch Studies
Committee has set up a mechanism for studying the problem and
coming up with recommendations for legislation. A report by
Moulder (1960) provides information to the Committee on aquifers
whose water might be managed separately from surface water.
Three reports of the "Ground Water Problems" series of the Colorado State University Experimental Station (Bittinger, 1959;
Farmer, 1960; Davis, 1960) provide valuable background.
The Colorado Water Conservation.,Board, the principal State
agency dealing with water, has actively promoted both cooperative
hydrologic investigations and consideration of needed changes in
the laws. If determination to provide both the hydrologic background and the legal means to facilitate efficient development is any
criterion, Colorado can look forward to a sound and productive
water future.
CONNECTICUT
Small, densely populated, intensively industrialized State having moderately
large water resources and use. Some of principal streams contaminated to
varying extent; ground water contaminated in a few places either directly from
surface or indirectly by induced infiltration from streams. Many promising
ground-water areas not affected by contamination, however. Contamination
problems under active attack by State and are not a serious threat to water
development. Total ground-water pumpage about 78 mgd in 1960, only a small
fraction of the potential supply.

Connecticut is in the Glaciated A-ppalachian ground-water region,
and almost entirely in the New England Upland section of the New
England physiographic province. Except for the Connecticut Valley, it is a rolling upland formed on crystalline rocks, scored by
glacially deepened valleys and mantled by glacial drift. Typically
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the hills and slopes are covered by thin deposits of till, and the
valleys are filled with thicker deposits of drift, generally till below
and stratified drift above although locally the stratified drift extends
all the way to bedrock. The Connecticut Valley is a broad lowland
about 5 to 15 miles wide crossing th6 State from north to south, underlain by sandstone, shale, and interbedded lava rocks of Triassic age
and partly filled by glacial drift.
The rocks over which the glaciers moved were able to furnish
large quantities of hard-rock particles of all sizes. Where the particles
are fumbled together, as in the till deposited at the bottom of a
glacier with little or no sorting by water, the drift is dense and of
low permeability. The deposits sorted by running water the stratified drift contain the larger particles deposited near the glacier's
front while much of the clay- and silt-sized material remained in
suspension and was carried into lakes or into the ocean. Hence, the
stratified drift deposited by streams consists largely of sand and
gravel and is permeable and a good aquifer; the stratified drift
deposited in lakes is fine grained and not very productive. In many
places the modern streams, postglacial descendants of the same
streams that carried the glacial melt water, flow in channels cut into
the outwash and can recharge the sand and gravel by induced infiltration. It is this fact which enables the development of large supplies of ground water but which at the same time may make it inadvisable to do so if the surface water is seriously contaminated.
The precipitation is generally between 40 and 48 inches per year,
averaging about 46 or 47, and rises above 48 inches in the southwestern part of the State, north of Bridgeport. The runoff is generally a little more than 20 inches but declines a little below 20 inches
in the vicinity of the Connecticut River north of Hartford and rises
above 30 inches in a small area not far to the west. The average is
about 22 inches, for a total of about 5.2 bgd. Thus the State has a
large water supply, both from precipitation within its own borders
and in the streams that enter from the north, especially the Connecticut River.
GROUND-WATER RESOURCES AND DEVELOPMENT

Connecticut's ground water is largely in the glacial deposits,
especially the stratified drift. The till yields small supplies to largediameter wells, but such wells are passing out of the picture because
they are easily contaminated and are affected by drought. The bedrock is mostly of low to moderate productivity, generally yielding
only enough water for domestic supplies (Gregory, 1909; Cushman
and others, 1953). The productivity of the Triassic sandstone and
shale of the Connecticut Valley, in the few places where these rocks
have been tapped by industrial and municipal wells, is sufficient to
warrant showing them patterned in plate 1. In much of the valley
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these rocks are covered by stratified drift which itself is a valuable
aquifer.
Stratified drift lies along all the principal streams, along many of
the smaller streams, and in scattered patches in the uplands. The
largest deposits are in the Connecticut Valley but there are presently
or potentially important ones along the main streams and tributaries
of the following (main streams and tributaries are mixed indiscriminately) : Housatonic, Still, Pomperaug, Naugatuck, Quinnipiac,
Farmington, Hockanum, Salmon, Hop, and Willimantic Eivers;
Fenton Brook; and Mount Hope, Natchaug, Shetucket, Yantic, Little,
and Quinebaug Kivers. In the valleys of most of the streams named
the ground water is lightly developed and in some it is almost
untouched.
Properly constructed wells in the stratified drift are capable of
yielding several hundred gallons per minute, and more than 1,000
gpm in places.
The physical and chemical quality of most ground water, in the
State is satisfactory for most but not necessarily all uses. ;Ii* the
western and north-central parts of the State some of the water is
moderately to very hard. The iron content might present a problem
in some areas. It varies greatly from place to place, even in the
same aquifer.
DEVELOPMENT

Ground water supplies most farms and many rural and suburban
homes. In I960 a population of about 440,000 was supplied by
privately owned wells, and the total draft was about 24 mgd.
There are 146 public-supply systems in the State, of which 77,
mostly the smaller ones, use ground water exclusively. Water
pumped for these systems and for supplemental supply in others
totaled about 14 mgd in 1960, out of a total of 255 mgd used for
public water supply in the State. Most new or supplemental supplies'
are now obtained from wells, as good sites for surface storage reservoirs are now scarce.
Pumpage of ground water for industrial use was about 39 mgd in
1960, about the same as in 1949. The water comes mainly from stratified drift, but that at Hartford comes mainly from Triassic
sandstone. Additional water is needed for both existing and new
industries, and though a large amount of ground water is available
in favorable areas there are the usual problems of selecting sites
that have good ground-water supplies and meet other essential
requirements.
Use of ground water for irrigation has not grown as rapidly as
was anticipated in 1950, when the average was about a million gallons per day, mainly because of a decline in the market for broadleaf
tobacco. In 1960 a total of about 2,700 acres was irrigated with
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ground water, mainly tobacco land in the northern Connecticut
Valley. About 1,500 acre-feet was pumped, for an average of about
1.3 mgd. Approximately an equal acreage was irrigated with
surface water.
The approximately 78 mgd of ground water withdrawn accounted
for only a fraction of the water used in Connecticut in 1960. The
total was about 2,100 mgd, 1,100 mgd of fresh surface and ground
water and 1,000 mgd of saline surface water, distributed as follows:
public supply, 255 mgd; rural supply, 25 mgd; industrial supply.
830 mgd of fresh water and 1,000 mgd of saline water of which all
but 250 mgd of the fresh water and 66 mgd of the saline water was
used for public-utility fuel-electric power; and irrigation, about 2
mgd.
PROBLEMS

Connecticut's water problems are, on the whole, not serious in relation to the State's water-resources potential and its economic ability
to solve the problems. Of the few that exist, contamination of
surface water is perhaps the principal one. As to ground water, the
problem of locating suitable supplies is perhaps the most important.
(See p. 230.)
Some 600 miles of the approximately 8,400 miles of streams in Connecticut are contaminated by sewage and industrial wastes, some of
the principal streams being affected. According to the State Water
Resources Commission, as of the end of 1959 an average of 206.4 mgd
of domestic sewage was being discharged into streams; 6 percent
was untreated, and a part of the remainder was not treated adequately. About 121.5 mgd of industrial waste water was being discharged, of which 62 percent was untreated; the electroplating
industry and the nonferrous-metal industry are first and second in
the amounts of wastes discharged.
Substantial progress is being made in reducing the contamination.
Untreated sewage was reduced from 38 percent in 1950 to 6 percent
in 1960. Untreated industrial waste was reduced from 80 percent in
1950 to 62 percent in 1960. The State continues to pursue pollution
abatement actively and is recognized as a leader in this field. The
program is based on the adoption for each stream of a reasonable
classification for future use and allowance of a reasonable time for
cities and industries to construct the facilities needed to bring the
contamination within the limits specified for that class of stream.
As the principal aquifers lie along streams, those along contaminated
streams are subject to contamination to some extent if pumped
heavily. The effect of such contamination on the use of the ground
water depends on the type of contaminants in the stream, the use
for which the ground water is desired, and the distance from stream
to wells. For example, the effect on use of the water for cooling may
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be negligible, but the effect on suitability of the water for domestic
supply may be such as to rule out such use.
There is a continuing problem of ground-water contamination in
a part of the Waterbury-Naugatuck area as a result of induced
infiltration from the Naugatuck River, which is polluted by wastes
including wash water and sulfuric acid from the brass, chemical,
and rubber industries. In 1960 observation wells in central and
northern Waterbury showed sulfate contents of 130 and 40 ppm, far
above the normal content of a few parts per million. Ground water
nearer the river than those two wells is undoubtedly higher in sulf ate
concentration. The total pumpage of ground water for industrial
use in Waterbury was about 2.5 mgd in 1960. The current pumpage
in the whole area is not known. It was about 2 mgd prior to 1941,
rose to 13 mgd in 1946, and was about 11 mgd in 1949.
In a few places, sites for wells that are favorable so far as aquifer
productivity and replenishment are concerned cannot be used because
of the danger of contamination. The State Department of Health
requires that vertical wells be located at least 200 feet from a polluted stream, and horizontal "collector" wells designed specifically
to induce infiltration are not permitted along such a stream for water
for public use or for drinking and washing in industrial or commercial establishments.
Ground water can be contaminated directly by wastes discharged
onto or into the ground, as well as indirectly by induced infiltration
from streams. An example is contamination of the area around a
public-supply well at Plainville by industrial wash water containing
a synthetic detergent. The discharge of waste was stopped and the
well was disconnected from the system until the contaminant was
dissipated by ground-water outflow. Prior to 1961, abatement of
pollution in such cases depended largely on voluntary action, as
there were no specific statutes relating to ground-water pollution. In
1961, however, the General Assembly amended the law to include
ground-water pollution among the responsibilities of the Water
Resources Commission.
Salt-water contamination of ground water at New Haven continues
to be a problem. Pumpage has been reduced, from about 4.4 mgd in
1950 to about 3.4 mgd in 1960. As a result, from 1950 to 1960 water
levels rose about 0.6 foot in the residential area, 3.2 feet in the socalled cold-storage area, and 2.4 feet in the industrial area. There
is still serious contamination in centers of heavy pumping, however.
In 1959-60 samples from an observation well in the cold-storage
area ranged from 325 to 400 ppm in chloride content, a decrease from
the 550 to 675 ppm observed in 1952-53. Samples from a well in the
industrial area contained 1,400 to 1,570 ppm in 1959-60. The highest
6|T1316 O 63
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concentration measured in the industrial area during the preceding
decade was 2,570 ppm in March 1955. The 1959-60 figure probably
represent a decrease, but the amount of decrease is not certain
because the chloride concentration varies with the rate of pumping.
Kecent data on pumpage and contamination by wastes and salt
water at Bridgeport are not available. In 1950 more than 3 mgd of
water was pumped by industries. The pumpage, though within the
capabilities of the aquifers of the area as a whole, was so concentrated
that some wells were contaminated by salt water and sewage effluent
from Long Island Sound and the Poquonnock River estuary.
As in many other States, there is some possibility that the accelerating development of single-family residences on suburban lots of
half an acre to an acre will lead to local problems of overpumping
and contamination. The aquifers in the rural areas, generally in
bedrock, are rarely productive enough to permit drilling single
wells to supply groups of homes, even if administrative difficulties
could be solved. Open land surrounding existing developments
allows enough recharge to prevent overdevelopment, but as this
land is occupied and new wells are drilled the total recharge may
prove to be insufficient locally. The increase in construction of
homes also creates the possibility of pollution of wells by septic-tank
effluent. Regulations providing for minimum distances between
septic tanks and wells have not always been strictly enforced, but
even so the number of cases of contamination has been small.
Problems of contamination are no more serious in Connecticut
than they are in other States of comparable population density and
industrialization, and less serious than they are in some States
where the attack on them has been less vigorous than it has been in
Connecticut. The emphasis on the problems in this section is an
indication of the State's enterprise in learning a great deal about
the situation as a part of its pollution-control effort rather than of
the overall seriousness of the problems, for none of Connecticut's
water problems are serious in comparison to those of States having
really critical problems.
In spite of the widespread presence of good aquifers, many difficulties have been encountered in developing new or additional supplies of ground water for municipalities and industries. The beds
of permeable sand and gravel alternate with finer grained material,
and numerous test holes may be required to locate good wells. The
obvious need here is for detailed ground-water studies to obtain
more precise information on the presence, extent, and productivity
of aquifers both in areas now developed and in areas likely to be
developed in the future. Such studies are now underway, as
indicated beyond.
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Jurisdictional as well as "locational" problems may give trouble.
In 1958 the city of Bristol was prevented by the city of New Britain
from pumping water from two new wells in the Copper Mine Brook
valley, where New Britain has water rights. In turn, in 1959 New
Britain was prevented by the Plainville Water Co. from developing
a well in the northern part of Plainville in the company's franchise
area; the company then installed a new well in the same area.
Problems of this kind could be minimized if Jurisdictional problems
were considered in advance of development of ground-water supplies.
PROSPECTS AND NEEDS

Continued progress in the reduction of surface-water pollution
is essential if the large water resources of Connecticut are to do their
share in promoting the State's growth and well-being. Control of
local ground-water contamination by wastes discharged at the
surface also is necessary. That the State is aware of these and other
needs and is acting to meet them is apparent in the report of the
Connecticut Water Resources Commission to the General Assembly
in 1957 and that of the State to the Senate Select Committee on
National Water Resources in 1960 (State Officials, 1960, p. 28-30).
Both reports stress the need for more water data, especially on the
runoff from small ungaged watersheds and on ground water.
Connecticut participated actively in the studies of the New England-New York Inter-Agency Committee (NENYIAC), described
by Governor Ribicoff (State Officials, 1960, p. 28) as the most comprehensive study yet undertaken for any region; the Committee's
report was published in 1957. In 1956 the New England Governor's
Conference set up the Northeastern Resources Committee to continue the work and implement the recommendations of the
NENYIAC report. A Northeastern Water and Related Land
Resources Compact, based on the Conference's charter and providing
for coordinated development of the resources of New England and
New York, has been approved by the legislatures of Connecticut,
Massachusetts, Rhode Island, and New Hampshire and is being considered in the other New England States and in New York.
The 1959 General Assembly authorized the Water Resources Commission to undertake a 10-year program of inventorying the water
resources of the entire State, and the 1961 General Assembly appropriated funds to permit accelerating the present studies, including
those in cooperation with the U.S. Geological Survey.
Connecticut is covered by a series of reconnaissance ground-water
reports which, though still valuable, need to be supplemented by
detailed studies in areas of current or potential large-scale development. In addition to the report by Gregory (1909) covering the
State and that by Brown (1925) on coastal ground water, there are
water-supply papers covering the Hartford, Stamford, Salisbury,
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Willimantic, and Saybrook areas (Gregory and Ellis, 1916); Waterbury area (Ellis, 1916); Meriden area (Waring, 1920); SouthingtonGranby area (Palmer, 1921); Norwalk, Suffield, and Glastonbury
areas (Palmer, 1920); New Haven area (Brown, 1928); and Pomperaug basin (Meinzer and Stearns, 1929). The latter report was one
of the earliest to attempt a quantitative approach a "water budget."
The reports on individual areas cover mainly the Connecticut
Valley lowland and adjacent area and the northwest and southwest
corners of the State. The western and eastern highlands are not
fully covered by descriptive reports of this type.
In recent years a cooperative program of geologic and groundwater mapping has been undertaken. Ground-water maps have been
completed for three quadrangles in eastern Connecticut and adjacent
Rhode Island, the Voluntown, Oneco, and Watch Hill quadrangles.
These maps show areas of productive stratified drift and also, by
means of cross sections or bedrock contours, the depth to bedrock
in parts of the area for which information is available. Descriptive
ground-water reports have been completed on the FarmingtonGranby area (Eandall, publication pending) and on north-central
Connecticut (Cushman, publication pending) and are in preparation
for the Bristol-Plainfield-Southington and lower Quinnipiac-Mill
River areas. Reports covering the overall water resources are in
preparation for the Hartford-New Britain and Waterbury-Bristol
areas. A progress report on the chemical and physical quality of
water in Connecticut has been published (Pauszek, 1961). A report
describing a method of computing flood flows of streams in Connecticut is based on the records, which are published annually in
water-supply papers, from the approximately 60 stream-gaging stations maintained by the U.S. Geological Survey in cooperation with
the State Water. Resources Commission, State Highway Department,
and local agencies (Bigwood and Thomas, 1955).
Connecticut has water and, through the Water Resources Commission and the legislation supporting that agency, the means to
develop the water and protect its quality. As in other areas of dense
population and intensive industrialization, the present situation is
a race between, on the one hand, expanding development of water
and of activities tending to deplete supplies or produce contaminating
wastes and, on the other hand, efforts to study and inventory water
resources and control pollution and floods. Connecticut's water problem have not substantially retarded the State's progress in the past,
and it is most unlikely that they will do so in the future.
DELAWARE
Small three-county State in which current water demands are largely
concentrated in northernmost part, where both surface water and ground water
are relatively limited. Large ground-water resources in central and southern
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parts, but problems of declining water levels or contamination by wastes or
salt water in a few localities. Drainage problems in southwestern Kent County
and in Sussex County. State envisions demands in excess of local supply in
New Castle County before 1980 and in State as a whole long before 2010,
necessitating importation from outside sources, possibly Delaware River.
Ground-water pumpage about 60 mgd in 1950, only a fraction of the total
available, but local concentrated pumping has caused problems in Wilmington,
New Castle-Delaware City, Dover, and southern Atlantic Coast areas.

Delaware, whose area of 2,370 square miles makes it the second
smallest State in the Union, lies mostly in the Atlantic Coastal
Plain. Geologically and hydrologically it is like the Eastern Shore
of Maryland on 'the west a small area in the Piedmont at the north
end and the rest in the Coastal Plain. It contains only three counties New Castle on the north with a little more than a fifth of the
total area, Kent in the middle with a little less than a third, and
Sussex on the south with nearly half. The land surface is rather
flat, being only gently rolling even in the Piedmont.
The Piedmont, underlain by igneous and metamorphic ("crystalline") rocks, makes up only the northern quarter of New Castle
County, but in it and the immediately adjacent part of the Coastal
Plain are concentrated most of the State's population, industry, and
water demand. The Fall Line lies roughly along the Baltimore and
Ohio and Pennsylvania Railroads and passes through Newark and
Wilmington. To the south are Coastal Plain strata of Cretaceous to
Miocene age, which form belts of outcrop extending eastward to
northeastward across the State and each of which dips southeastward
beneath younger sediments (Richards and others, 1962). These include
sediments of Late Cretaceous, Eocene, and Miocene age. At the top
of this succession is the Cohansey Sand of Miocene(?) and Pliocene(?) age. Lying between the bedrock and the Upper Cretaceous
in a part of the State, but not cropping out at the surface, are
sediments of Early Cretaceous age. Other units not known to crop
out include sediments of Paleocene age between the Upper Cretaceous and the Eocene, the Piney Point Formation of late Eocene age,
and a reddish sand and gravel of Pliocene or Pleistocene age.
Covering the crystalline rocks in small patches of the Piedmont
and the Coastal Plain strata in progressively larger areas south of
the Fall Line covering them completely in Sussex County are
sediments of Pleistocene age. Where present in New Castle County
they average about 30 feet in thickness, and they are 70 feet or more
thick in southern New Castle County and in the counties to the south.
Their base lies as much as 150 feet below sea level in southeastern
Sussex County.
The principal aquifers are sand or sand and gravel in the strata
of Early and Late Cretaceous age, in the Piney Point Formation,
in the strata of Miocene age which include two well-defined water-
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bearing zones know as the Cheswold and Frederica aquifers, in the
Cohansey Sand, and in the sediments of Pleistocene age.
The annual precipitation averages about 46 to 47 inches. It varies
only a few inches from place to place in the State, being least in
the north. The annual runoff averages about 15 inches, for a total
of about 1.5 bgd. Thus the State has a substantial water supply
per unit of area, but a rather small area which limits the total supply
accordingly. And, no major fresh-water streams enter the State
from the north. Brandywine Creek brought in about 300 mgd from
Pennsylvania in 1947-56 (U.S. Geol. Survey, 1960b, p. 38-39), and
tributaries of the Christina River and other small streams bring in
smaller amounts from Pennsylvania and Maryland. The Delaware
River, which borders Delaware on the east, is saline during periods
of minimum flow even at the northeasternmost tip of the State,
though it is fresh during floods at least as far south as the Delaware
Memorial Bridge, just below Wilmington.
GROUND -WATER RESOURCES AND DEVELOPMENT

Though much information on ground water remains to be gathered in the cooperative studies of the State and Federal Geological
Surveys, fairly good general information is available. The principal
reports are cited in the following descriptions of the water-bearing
formations.
The crystalline rocks of the Piedmont have the usual characteristics of small yield to individual wells (Ward and Rasmussen, 1957,
p. 93-107), but a respectable average annual rate of recharge as
shown by reasonably well sustained base flow in the streams (Martin and Hulme, 1957; p. 45-55, 66-74; see also Olmsted and Hely,
1962). The average yield of wells in different rocks per foot of
drawdown of the water level (specific capacity) ranges from about
0.3 gpm in unweathered parts of the granitic rock called "granodiorite" to about 2.2 gpm in marble and averages about 1 gpm, a
value that probably is reasonably close to the average for the
Piedmont in a large part of its extent in the eastern United States.
Nearly all the wells are domestic; the rocks generally do not yield
enough water for municipal or industrial use.
The best aquifers of Delaware, as could be expected, are in the
Coastal Plain (Marine and Rasmussen, 1955, p. 94-145). The average yield of wells constructed to exploit particular aquifers to the
maximum is about 350 s^pm; some wells yield more than 1,000 gpm.
All the sedimentary units forming the belts cropping out across the
Plain contain at least a little-water bearing sand or gravel. The
nonmarine Cretaceous sediments, which crop out in the area north
of the Chesapeake and Delaware Canal, yield more than a million
gallons per day to some industrial wells and small to moderate supplies to others. These sediments dip southeastward at an average
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rate of 80 feet per mile at the base and 40 feet per mile at the
top; they thicken to more than 5,000 feet at Fenwick Island in
southeasternmost Delaware, where their base lies a little more than
8,000 feet below sea level. Because of the steep dip of their base
they become thick enough to yield substantial supplies to wells within
a mile or two of the Fall Line. They are developed mainly in the
area northwest of a line connecting Delaware City and Middletown,
because to the south they are too deep to compete with the shallow
aquifers that overlie them. The total pumpage from the nonmarine
Cretaceous sediments in this area was about 15 mgd in 1960, when
the total ground-water pumpage in the State was about 60 mgd.
Pumpage in Wilmington and suburbs alone was about 12 mgd, of
which 7 mgd was withdrawn in the New Castle-Delaware City
subarea. The pumpage in Wilmington and suburbs is expected to
increase to 30 mgd by 1970.
The marine Cretaceous sediments, which are tapped by wells south
of the Chesapeake and Delaware Canal and north of a southwestward-trending line a few miles south of Middletown, contain one
prominent aquifer (Bima and others, publication pending). This
is a sand believed to be correlative with the Mount Laurel and
Wenonah Formations of New Jersey and is developed mainly in
the Middletown-Odessa area. A well 2 miles north of Middletown was
yielding 125 gpm in the spring of 1961, but the specific capacity was
only 2 gpm per foot of drawdown (D. R. Rima, U.S. Geol. Survey,
written communication, 1961). Domestic wells yield as much as
60 gpm and average 30.
A few tens of feet higher is a sand 40 to 60 feet thick which
formerly was considered to be Upper Cretaceous but which instead
may be lower Tertiary. It is more productive than the Mount
Laurel and Wenonah equivalent but yields harder water. It is
developed north, south, and west of Odessa. The maximum yield
reported as of the early 1950's was 165 gpm for a well at Middletown (Marine and Rasmussen, 1955, p. 96); the specific capacity
was 3.5 gpm per foot of drawdown, a moderate rather than a high
value. The yield of this well had decreased to 60 gpm by the spring
of 1961.
The lowermost of three formations of Eocene age, a sand equivalent
to the Aquia Greensand of Maryland, is the chief aquifer in the
outcrop area of the Eocene in southern New Castle County and
downdip in northern Kent County. The average yield of several
domestic wells was reported to be 30 gpm (Marine and Rasmussen,
1955, p. 96). A well at Clayton yielded 360 gpm with a specific
capacity of 2.3 gpm per foot. The formation is tapped mainly by
domestic wells.
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The Piney Point Formation, the uppermost Eocene formation,
does not crop out in Delaware, but it was tapped by a high-capacity
test well at the Dover Air Force Base. The well yielded 300 gpm
and had a specific capacity of 8.3 gpm per foot of drawdown (Rasmussen and others, 1958, p. 30-32). Only a few wells have been
drilled to this aquifer, but the indications are that it may be capable
of yielding large quantities of water in southern Kent County.
Sediments of Miocene age crop out in southern New Castle County
but yield no water there, as they are clayey, acting as an upper
confining bed for underlying sands. The sediments thicken southward from 100 to 625 feet in Kent County and contain two aquifers,
the Cheswold below and the Frederica above. The Cheswold is about
30 feet thick in the southern part of Clayton and 60 feet at Dover.
It yielded an average of 346 gpm to 13 wells in northern and central
Kent County, the average specific capacity being 8.2 gpm per foot.
The Frederica is about 20 feet thick and yielded an average of
339 gpm to 4 wells that were tested in southern Kent and northernmost Sussex Counties; the average specific capacity was 5.8 gpm
per foot.
The Miocene is 500 to 1,550 feet thick in Sussex County, thickening
southeastward (Rasmussen and others, 1960, p. 86). It contains
several water-bearing sands. There are two in the basal formation,
the Calvert, of which the lower one is accessible at reasonable depth
in the vicinity of Seaford in the western part of the county. The
upper one is believed to represent the deeper, or Cheswold, aquifer
of Kent County. It is tapped at Milford. The overlying Choptank
Formation contains the Frederica aquifer, which also is tapped
at Milford.
The Cohansey Sand is the chief aquifer of southern Kent County
and of northeasternmost Sussex County east and southeast of Milford. At the base is a sand called the Manokin aquifer and in the
middle is one called the Pocomoke aquifer. The aquifers are rather
productive, the specific capacities of several wells ranging from
2.1 to 24 gpm per foot in the Pocomoke and 0.4 to 44 in the Manokin.
They are penetrated beneath the Pleistocene sediments in other parts
of Sussex County also.
Above the Cohansey Sand and beneath the sediments recognized
as Pleistocene, but not cropping out in Delaware, is an orange, red,
or brown sand containing a few beds of clay and some gravel. The
age of this deposit is not known but may be late Pliocene or early
Pleistocene. The deposit occurs principally in Sussex County though
also in places to the north, and it lies mainly in valleys in the eroded
surface of older sediments. It is a good aquifer, yielding water to
about a sixth of the wells in Sussex County and, with the overlying
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Pleistocene sediments, furnishing large quantities of water at Lewes,
Bridgeville, Seaford, Laurel, and Delmar.
The Pleistocene sediments cover older rocks in the greatest part
of Delaware but are thickest and most continuous in the southern
part. They furnish water to wells nearly throughout the State and
are the principal aquifer in Sussex County. Furthermore, they and
the "orange sand" below are generally more permeable than the
older sediments and serve as the chief medium for infiltration of
precipitation and recharge of the underlying sediments. The Pleistocene sediments yield more than 1,000 gpm to some wells. The specific
capacity of 24 tested wells ranged from about 1 to 31 gpm per foot
of drawdown and averaged 8.9, indicating a fairly productive aquifer.
Material of Recent age covers a significant portion of the State
but is thin and generally insignificant as a water bearer. It includes
soil, coastal dune and beach sand, marsh mud, peat, alluvium, and
manmade fill. The dune and beach sand is a good medium for
recharge of underlying deposits but itself is tapped by few wells.
Of the approximately 60 mgd pumped for wells in Delaware in
1960, a little less than 2 mgd was pumped for supplemental irrigation, almost entirely in the predominantly rural areas south of the
Chesapeake and Delaware Canal. The rate was as much as 10 mgd
at times during the growing season. Irrigation use is expected to
double in the next 10 years.
The use of ground water in the State was about the same as the
estimated use of fresh surface water, which was about 58 mgd (MacKichan and Kammerer, 1961b, p. 34). About 820 mgd of saline
surface water was used, 440 mgd for public-utility fuel-electric
power generation and 380 mgd for other industrial purposes, mostly
cooling. Thus the total withdrawal use of water was about 940 mgd.
No water was used for hydropower generation, Delaware being 1 of
only 3 of the 48 conterminous States (Louisiana and Mississippi are the
others) where there are no hydropower plants.
QUALITY OF WATER

Ground water in Delaware is of generally good quality'for most
uses (Marine and Rasmussen, 1955, p. 73-85). The average pH shown
by 92 analyses was 6.5; the lowest average for a given aquifer was
6.2 for the Pleistocene sediments. A pH of 6.2 is not considered
excessively low, but it is reflected in a high iron content in much of
the water of the Pleistocene. Iron is a local problem in other aquifers
also, except for those in the Miocene whose water generally contains
less than the recommended maximum of 0.3 ppm (for iron and
manganese together). In Delaware as a whole, an excessive content
of iron is the most common deficiency of "native" ground water
water unaffected by salt-water encroachment or contamination by
wastes.
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The chloride content is generally low except in nearshore areas
where it is naturally high or has become so as a result of salt-water
encroachment. It averaged 15 ppm in 85 samples of uncontaminated
water.
The fluoride content appears to be generally low, and there are
no areas of significant mottling of tooth enamel which might indicate a high fluoride content.
The dissolved-solids concentration is generally a few hundred
parts per million or less. Wells more than 1,000 feet deep in the
Coastal Plain generally yield moderately mineralized water, however.
The hardness is generally low. The average shown by 78 analyses
was 66 ppm (expressed as calcium carbonate), only 6 ppm above
the top of the "soft" category in the mostly commonly used classification and thus near the bottom of the "moderately hard" category
(61-120 ppm). Hard waters are found mainly in two areas. One
is in the Piedmont near Wilmington, the water-bearing rock being
gabbro. The other extends from the Chesapeake and Delaware Canal
southward to Milford, and the hard-water aquifers are artesian
sands of Late Cretaceous, Eocene, and Miocene age; the average
hardness shown by 18 analyses was 112 ppm.
PROBLEMS

The northern New Castle County area that is, Wilmington and
environs, including Newark (Groot and Rasmussen, 1954) and Delaware City obtains most of its public water supply from streams,
but suburban areas and some towns and industries depend on wells.
The pumpage was about 12 mgd in 1960 and is expected to increase
to 30 mgd by 1970. Domestic wells penetrate both the rocks of the
Piedmont and the nonmarine Cretaceous sediments of the Coastal
Plain; industrial and municipal wells are confined almost entirely
to the Coastal Plain. The Coastal Plain sediments are thin, feathering out along the Fall Line, which passes east-northeastward through
Newark and Wilmington. There are already signs of local overdevelopment in areas of concentrated industrial and municipal
pumping, and more are virtually certain to appear. The possibility
of contamination of ground water by sanitary and industrial wastes
is increasing as the discharge of such wastes and the rate of pumping
of ground water increase. There is immediate need for more information on the ability of aquifers in the southern part of the area, and
especially south of Wilmington, to help meet the future needs of the
area. Artificial recharge has been considered as a means of extending
the ground-water supply in the Newark area (Groot, 1960; Boggess
and Eima, 1962).
In the New Castle-Delaware City subarea in New Castle County,
most of the potable water is obtained from wells. Industry grew
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rapidly in 1950-60, and in the latter year about 85 percent of a
total of 7 mgd of ground water was pumped for industry. Groundwater use in the subarea is expected to increase to about 15 mgd by
1970.
Contamination by wastes, declining water levels, and salt-water
encroachment plague the subarea. At New Castle the shallow watertable aquifer in Pleistocene sediments has been contaminated by
wastes spread over the surface, and the water is no longer usable
except after costly treatment. At Delaware City the water level of
the principal artesian aquifer in the nonmarine Cretaceous sediments has declined persistently as a result, of recently increased
industrial, pumping. Increases in the chloride content of water from
shallow wells suggest that salt water may be encroaching in the
Pleistocene aquifer.
Better understanding of the hydrology of both shallow and
artesian aquifers is needed. The artesian aquifer, little used at New
Castle, may help to alleviate the problem there. Reduction or redistribution of pumping from both shallow and deep aquifers may be
necessary hi the Delaware City area.
Encroachment of salt water from the Chesapeake and Delaware
Canal into adjacent and underlying southward-dipping aquifers in
the marine Cretaceous sediments is a possibility if wells near the
canal are pumped heavily (Rasmussen and others, 1958). Observation wells should be installed to monitor the effects of deepening,
widening, and straightening the canal.
Nearly all the water used in the Dover area in Kent County comes
from wells, which tap principally the Cheswold, or lower, aquifer of
the Miocene sediments. The total pumpage, principally from the
Cheswold, was about 5 mgd in 1960. The demand is expected at
least to double by 1970. One installation alone, a powerplant which
was under construction as of 1961, is expected to have an ultimate
requirement of 10 mgd (J. J. Groot, State geologist, written communication, 1961).
The Cheswold aquifer is overdeveloped in the vicinity of Dover,
and water levels are declining. Recent tests show that the Piney
Point Formation below is a good aquifer (Rasmussen and others,
1958, Dover Air Force Base) and probably can meet the additional
water needs of the area for some time to come.
In the Seaford area in Sussex County the pumpage in 1960, from
the Pleistocene sediments and "orange sand," was about 6 mgd,
of which 85 percent was used at a single industrial plant. The
demand is expected to rise to 8 mgd by 1970. The aquifer is probably capable of meeting the additional demand, but the shallowest
water has a high iron content which will inhibit the use of the
water. The deeper water in the aquifer is lower in iron content.
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In the Atlantic Coast area, along the Sussex County shoreline
from Lewes southward to and beyond the Maryland line, potable
water is obtained entirely from wells. The average annual pumpage
in the Delaware part of this area, from shallow wells, was about
2 mgd as of 1960, but the rate of use in the summer is much higher
than the average annual rate because of the summer influx of
tourists. The demand is expected to rise about 5 mgd by 1970, and
it is still expected to be concentrated largely in the summer. Such
a draft on the shallow aquifers now pumped may not be feasible
because the aquifers are exposed to salt-water encroachment from the
Atlantic Ocean and tidal estuaries. Encroachment has already
occurred at Lewes and Rehoboth (Rasmussen and others, 1960, p.
103-104). Information is needed on the possible presence at depth,
or inland, of fresh-water aquifers safer from salt-water encroachment (Slaughter, 1962a).
Future pumping for irrigation may result in local problems of
overpumping and in litigation over water rights. There are no
statutes in Delaware relating specifically to water rights, but competition for water in the future very likely will necessitate consideration
of the need for such statutes.
Large areas in southwestern Kent County and in Sussex County
(Rasmussen and others, 1960, p. 10-13) must be drained if the land
is to be cultivated. The U.S. Soil Conservation Service is engaged in
a drainage program in Sussex County, scheduled for completion in
1970. The drains will lower the water table, but they will have no
substantial effect on the availability of water from wells.
The flat surface, shallow water table, and low degree of consolidation of the surficial sediments in much of Delaware lead to problems
in highway construction and drainage and other engineering activities involving these sediments. The problems are discussed by Rasmussen and Haigler (1953). Much of the discussion is applicable to
areas of similar geology and hydrology elsewhere. A program of
soil mapping for engineering purposes, to cover the entire State by
quadrangles or groups of quadrangles, is underway. The maps will
show the surface drainage in detail and will include water-table
contours. Those on the St. Georges and Newark areas have been
completed (Adams and Boggess, publication pending; Boggess and
Adams, publication pending).
PROSPECTS AND NEEDS

Delaware's water problems to date are not nearly so serious as
those in many other parts of the country. Even where local shortages
exist because of inadequate streamflow, declining water levels, poor
natural quality of the ground water, or contamination, there are
alternate sources from aquifers at greater depth or aquifers or
streams in adjacent areas at moderate distances distances that in
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some water-poor States would be regarded as short indeed. It is
when the State looks forward to a future of large growth of population and industry, and of irrigation in rural areas, that it foresees
the need to import water. The most obvious source is the Delaware
River; other possible sources are Big and Little Elk Creeks and the
Susquehanna River in Maryland and Pennsylvania.
The State estimates the 1957 water demand excluding industrial
cooling and fuel-electric power generation at an average of about
870 mgd, of which about eleven-twelfths was surface water (State
Officials, 1960, p. 37, table 5). The maximum rate of use in 1957
was more than twice the average, and the average during the 30-day
period of heaviest use was about 1-1/3 times the average. By 2010,
still excluding industrial cooling and fuel-electric power generation
which are largely nonconsumptive, the demand is expected to rise to
about 1,400 mgd. The principal streams of the State that could be
developed without considering the effect on ground water are
Brandywine and White Clay Creeks and the Christina River, all in
the northern part of the State. At what is considered a reasonable
level of reservoir development, these streams would have a safe
yield of about 275 mgd at 25-year "recurrence level." That is, the
minimum yield would drop below 275 mgd only once in 25 years
on the average. At a maximum level of development which is considered uneconomical at present but might have to be considered
economical in the future, the 25-year safe yield would be about 402
mgd (idem, p. 33). The safe yield available to Delaware would be
reduced to the extent of permanent diversions in Pennsylvania from
the pool proposed to be created on Brandywine Creek by a dam in
Delaware (at maximum development 90 percent of the pool would
be in Pennsylvania) and of consumptive use for irrigation either
within or outside Delaware that would deplete the flow of streams
into the reservoirs.
The State (idem, p. 33) estimates the safe yield of ground water
in Delaware at 442 mgd, about 418 mgd of which would come from
aquifers in southern Delaware (Sussex and Kent Counties and New
Castle County south of the Chesapeake and Delaware Canal).' On
the basis of data on streamflow in Sussex County (Rasmussen and
others, 1960, p. 108) and of the similarity of hydrologic conditions
in southern Delaware to those in the Beaverdam Creek basin in the
adjacent Eastern Shore of Maryland (Rasmussen and Andreasen,
1959), it can be concluded that roughly half the precipitation reaches
the water table. Of this about half is discharged by evapotranspiration and half reaches the streams as ground-water runoff. A part,
but probably only a small proportion of the total, is lost by underflow beneath the coast. According to these assumptions, the groundwater runoff in southern Delaware as defined is something more than
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twice as great as the estimated safe yield of ; 418 mgd. To recover
as much -as half the ground-water runoff by pumping from ^wells
would imply a high degree of development. Such a degree of development is by no means impracticable, however, especially when
account is taken of the salvage of water, now evaporated and transpired or flowing underground beneath the coast, that would result
from the lowering of water levels accompanying intensive development. (See discussion of similar situation in New Jersey section,
p. 548.)
Thus the figure of 418 mgd for southern Delaware may be somewhat conservative, but it cannot be evaluated adequately except on
the basis of detailed specifications as to the economic, quality-ofwater, and other criteria that will govern development.
The figure of 24 mgd for the northern part of the State also may
be conservative, inasmuch as the current pumpage already nearly
equals that figure, water levels are declining only locally, and sizable
areas distant from centers of population are only very lightly
pumped.
As has been pointed out, the State's figure of 1,400 mgd for the
water requirement as of the year 2010 does not include use for
industrial cooling and fuel-electric power generation. The water
used for these purposes in 1960 was largely saline, and the figure
of 1,400 mgd represents, virtually, fresh water. To the extent that
any future use of fresh water for these purposes is consumptive or
depreciates the usefulness of the water for the same or other purposes downstream, the figure of 1,400 mgd does not fully express
the future requirement for fresh water. On the other hand, the
figure does not allow for multiple reuse of water, so to the extent
that reuse will be possible the figure is too high. The possibilities
for reuse depend in part on the effect of use on quality (including
temperature), and on the quality requirements for intended second
and third uses and the economic feasibility of any treatment needed
to make the water suitable for those uses. Thus the water requirement as it actually develops will be a resultant of the complex
interaction of many factors; to attempt to predict it half a century
in advance is a most difficult task.
Whatever the requirement turns out to be in and after the year
2010, ground water will supply an important part of it, but the
extent to which the ground-water draft can be feasibly increased
over the estimated figure of 442 mgd remains to be determined. In
any event, it appears that the present situatfon of relatively minor
water shortages will change considerably if the demand increases
as projected, and that Delaware will have its hands full in meeting
the expected water requirements of a future that is not too far away.
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DISTRICT OF COLUMBIA

Until recently only rather generalized or spotty information was
available on ground water in the District of Columbia. In the
1950's a study of the ground-water resources of the District was
made as part of an investigation of an area comprising about 435
square miles which included the adjoining parts of Maryland and
Virginia.
The program began with a study of the Fairfax quadrangle
of Virginia, which is adjacent to the larger area, as a prototype of
the Piedmont section of the Washington area (Johnston, 1962a).
Considerable use was made of information presented in recently
published reports on the adjacent counties in Maryland (Meyer,
1962; Dingman and others, 1954; see also Otton, 1955a). Additional
fieldwork added current information on the Maryland part of the
area. Previously published reports on ground water in the District
of Columbia (Darton and Fuller, 1905; Clark and others, 1918) and
in northern Virginia (Cady, 1938) had long since become obsolete,
and detailed fieldwork was done in the District and in adjacent
Virginia.
The report of the Washington-area study has now been completed
(Johnston, publication pending).
A reconnaissance of ground-water conditions has been made
recently in the area within a 50-mile radius of Washington, exclusive
of the Baltimore area and the small part of the Eastern Shore
of Maryland that lies within 50 miles of Washington, and the basic
data are in the open file.
The geology of the District is described in reports or shown on
maps by Darton (1947, 1950), Darton and Keith (1901), Carr
(1950), and Cloos and Cooke (1953). The 69-square-mile remnant
of the original 100 square miles of the District is divided by the
north-northeastward-trending Fall Line into a Piedmont section on
the northwest occupying about a third of the District and a Coastal
Plain section occupying the remaining two-thirds to the southeast.
The base of the Coastal Plain sediments dips southeastward from
near sea level at the Potomac River and 300 feet above at Takoma
Park to about 700 feet below at the southeast edge of the District.
The Coastal Plain sediments thicken from 0 at the Fall Line to a
maximum of about 1,000 feet at the southeast edge of the District.
As discussed briefly in the general description of the Coastal
Plain (p. 71), the upper part of the Coastal Plain sediments is
rather clayey and contains few highly productive aquifers. The
deposits at the base are sandier and furnish moderate yields to
wells. Only about 2 mgfd was being pumped from wells in the District
as of 1960, a decrease from the pumpage of earlier years (Johnston,
publication pending). Most of the water was pumped from wells
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of the railroad terminal and from other industrial and commercial
wells in the area east of North and South Capitol Streets. Very little
ground water is pumped in the Piedmont section of the District,
which is almost entirely residential and is supplied with Potomac
River water through the public mains. (See Johnston, 1962b).
Although several million gallons a day more of ground water
probably could be pumped in the District, this additional water
would have little effect on the total water picture, which is tied to
the Potomac River. Pollution of the river by sediment and by industrial and sanitary wastes from sources both upstream and in the
vicinity is a serious problem. So also is the question of adequacy
of ths low flow of the river to meet water demands projected into
the future. It is the belief of Wolman and others (1957, p. 11-14,
60-61) that storage reservoirs above Washington will be needed to
augment low flow, and that one as far downstream as River Bend
will be necessary to catch sediment which, if not caught, will interfere seriously with efforts to maintain the navigation channel in
and for several miles below the District
FLORIDA

One of States most abundantly supplied with readily available water in
Nation; slightly smaller in size than average conterminous State but receives
three-fourths more precipitation and discharges roughly one-half more runoff
than average State, plus several hundred million gallons per day of direct
ground-water discharge into sea. Ground water available in large quantities
in a larger proportion of area than in any other State. Principal water
problem is achieving balance between too much water at wrong time in wrong
place and too much drainage or pumping which may cause water shortage
or salt-water encroachment, especially in dry years. Naturally present saline
water a problem in some areas, especially in southwest. Ground-water withdrawal in 1960 about 1% bgd. about twice 1950 rate. Three-fourths used for
municipal and industrial supply; most water came from principal artesian
(Floridan) aquifer, which underlies whole State and yields good water except
south of Lake Okeechobee and in parts of area along and east of St. Johns
River in northeastern and east-central Florida.
In addition to existing or potential salt-water encroachment along coast,
there is a scarcity of fresh-water aquifers in southwestern Florida. In other
areas there is local pollution from ground disposal of industrial wastes and
storm water. State and local jurisdictions are active in hydrologic-data
programs as well as action programs of drainage and flood control; outlook
promising for future.

Florida lies entirely in the Coastal Plain. Its geographic setting
and geology make it one of the best watered States in the Nation.
The average annual precipitation is about 53 inches with that of
Alabama, Mississippi, and Louisiana the highest in the conterminous
States; and geologically the State is like a vast sponge, being
underlain almost entirely by permeable limestone and sand. The
average permeability of its aquifers is almost certainly higher than
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that in any of the other conterminous States. The combination of
climate and geology provides generous runoff, averaging about 14
inches (Patterson, 1955, p. 34), and generous ground-water recharge
and widespread availability of large supplies of good, though generally hard, water from wells.
Geologically the Florida Peninsula is a low, elongated dome of
Coastal Plain strata, mostly limestone and dolomite. The predominating structures are the Peninsular arch and the Ocala uplift (Vernon, 1951, p. 53-61). The principal axis of the arch runs southsoutheastward, lying west of the center of the peninsula in the
northern part and roughly in the middle in the southern. The axis
dips ("plunges") to both the north and the south from its highest
part in Gilchrist and Levy Counties. The arch is the exposed part of
a broader uplift, the Floridian Plateau, the edge of which lies only
a little off Miami and the Florida Keys but elsewhere is farther
offshore, especially to the west where the submerged part of the
uplift is nearly as wide as the emerged.
The limestone that forms the backbone of the arch and the
principal artesian aquifer (Stringfield, 1936), now generally kno^n
as the Floridan aquifer is largely of late Eocene age. Early Eocenes
and older rocks are deeply buried and contain mineralized water.
Above the Eocene is the Tampa Limestone, of Miocene age, a part of
the aquifer. Above the Tampa is the Miocene Hawthorn Formation,
largely marl and clay but containing some water-bearing sand and
limestone beds, which in places are connected with and are a part of
the Floridan aquifer and in others are separate. Above are younger
deposits, largely on the flanks of the arch, which include waterbearing sand and limestone. Included in these younger deposits are
the highly permeable limestone and sand of southeastern Florida,
mentioned previously (p. 72-73) in the general description of the
Coastal Plain. Other good aquifers are found in the younger deposits
elsewhere, especially in the Panhandle west of the Peninsula.
The limestone forming the Floridan aquifer crops out in relatively few places, principally where its top rises above sea level at
the west side of the peninsula in coastal parts of Jefferson, Taylor,
Dixie, Levy, Citrus, and Hernando Counties; in scattered localities
in Suwannee, Lafayette, Alachua, Marion, and Sumter Counties; and
in Gadsden, Jackson, and Holmes Counties in the northern part of
the Panhandle. In the middle of the peninsula the limestone is
covered by younger rocks some of which are of low permeability,
especially the clay and marl of the Hawthorn Formation. These
rocks are breached by hundreds of large sinkholes, however, most of
which contain lakes. The Floridan aquifer is recharged mainly in
the Central Florida lake area and in the northeast-central part of the
67131610 63
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State. The recharge forms "highs" in the piezometric surface, the
most prominent of which are one centering in northern Polk County
in the lake area in the middle of the Peninsula and one centering in
Clay and Putnam Counties in the northern part (Stringfield, 1936, pi.
12; Stewart, 1961; Healy. 1961). From these highs the watei* moves
outward eastward, southward, and westward from the northern one
and in all directions from the southern one. The water discharges
into streams and springs, which include the famous Silver Spring
and Rainbow Spring (formerly known as Blue Spring) and several
others of "first magnitude" (average flow of 100 cfs or more; see
Meinzer, 1927a, p. 3, 8-16;. Ferguson and others, 1947); and some
passes out beneath the coast. Wells flow in large areas wfiere the
overlying deposits confine the water under pressure; these areas form
a belt about 10 to 30 miles wide along the whole east coast, the entire
southern end of the peninsula south of Lake Okeechobee (where,
however, the artesian water is saline), a strip along the Kissimmee
River north of Lake Okeechobee, a strip along the Oklawaha River
south of Ocala, and a narrow strip along the west coast as far north
as Levy County (Stringfield, 1936, pi. 10). There is flowing water
in part of the Panhandle also, some of which conies from local
artesian aquifers rather than the Floridan aquifer.
In the discharge from the Floridan aquifer and the younger aquifers near the coast, Florida accounts for more submarine discharge
of ground water than any other State, owing to the high rainfall, the
high permeability of the aquifers, and the length of the coastline.
Thus the margin by which the hydrologic equation P=R+E (precipitation equals runoff plus evapotranspiration) fails to balance (p.
76) is larger than in any other conterminous State. The discharge
may be a hundred to a few hundred million gallons per day in the
Floridan aquifer, and perhaps even more in shallow aquifers. For
example, in the Atlantic Coastal Ridge in Dade County alone, the
direct discharge to the ocean in the shallow, or Biscayne, aquifer
(which here is the main one, as the Floridan aquifer contains
mineralized water) is more than 100 mgd (Warren, M. A., and
Parker, G. G., in Parker and others, 1955, p. 222-234). Although the
Dade County area is exceptional in the permeability of its aquifer,
there are excellent aquifers among the rocks younger than the Floridan
aquifer along a considerable part of the Florida coast.
Florida's total runoff, a large part of which represents groundwater discharge into streams and through springs, is about 40 bgd,
on the basis of a runoff of 14 inches per year (Patterson, 1955, p.
34; see also State Officials, 1960, p. 40). Most of the discharge occurs
in streams in the northern part of the State. In the flat southern part
of the State the water runs off mainly through drainage canals, but
in wet periods especially during and after hurricanes the water
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returns to its prehistoric habit of flowing off in broad sheets, creating one of the State's principal water-control problems. Evapotranspiration is very high, and it and direct ground-water discharge
into the sea account for the part of the precipitation not discharged
in streams. Salvage of even a small part of the enormous discharge
by evapotranspiration could increase Florida's supply of water very
substantially.
Salinity is the principal problem in obtaining water in the few
parts of the State where water supply is a problem. Nowhere is it
difficult to obtain moderate to large supplies of ground water if
salinity is of no concern. The saline water that creates a problem
comes from two sources the ocean or Gulf, water from which may
enter heavily pumped aquifers along the coast or through tidal
stretches of streams or canals; and aquifers containing saline water
which has not been flushed out completely since Florida last emerged
from the sea. The Floridan aquifer contains unflushed impotable
water south of Lake Okeechobee (Stringfield, 1933c), along the St.
Johns River valley in northeastern Florida, and in most of eastcentral Florida east of the St. Johns, except in Volusia County. In
most of these areas the aquifer is less permeable than it is where
the water is fresher. The area in which the chloride content of
the water exceeds 100 ppm very nearly coincides with the area of
flowing wells (Stringfield, 1936, pis. 10, 16). The principal areas
where water containing less than 100 ppm of chloride is available
by natural flow lie generally north of a line between Palatka and St.
Augustine, along the Oklawaha River in eastern Marion County, in
the Kissimmee River .valley north of Lake Okeechobee, along the
Peace River in DeSoto, Hardee, and Polk Counties, and along the
Myakka River in Sarasota and Manatee Counties.
Aquifers in younger rocks, especially in southwestern Florida,
contain -ran-flushed saline water in considerable areas in addition to
those along the coast.
Throughout the State, but principally in areas near the coast,
saline water is present beneath or in the downdip extensions of
aquifers that yield fresh water inland. This water, as well as that
from the present ocean or Gulf, may rise or move inland as a result
of heavy pumping. Thus everywhere in the State there is at least
a potential problem of salt-water contamination if the aquifers
are exploited to the full depth of the fresh-water body and are
pumped heavily enough. Saline water may encroach as a result of
the lowering of fresh-water head by canals, as well as by the lowering
accompanying pumping (Parker and others, 1955, p. 571-726;
Kohout, 1961).
Disposal of industrial wastes and storm water into the ground
through wells, "seepage pits," and septic tanks is a problem in some
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places. The problem is aggravated by the same high permeability
of the aquifers that makes this method of disposal so convenient. An
outstanding example of the effects of such disposal is furnished by
the Orlando area in Orange County (Unklesbay, 1944; Unklesbay
and Cooper, 1946; Telfair, 1948). There, in the absence of good facilities for natural drainage, wells that penetrate the cavernous limestone were used to dispose of storm water from streets and ditches,
to lower and control lake levels, to drain land for cultivation, and to
dispose of both sewage effluent and wastes from citrus-packing
plants and other sources. Decomposition of the organic wastes
underground resulted in generation of gases including methane
(also called "marsh gas" and "sewer gas"), creating a fire and
explosion hazard that was in addition to the obvious hazard to health
resulting from injection of polluted water.
Recognizing the need for development, control, and protection of
Florida's water as one of the principal resources for future use and
one of the principal attractions for tourists and future residents, the
State and numerous county and Ibcal jurisdictions have been active
in supporting the hydrologic studies needed as a basis for all action
programs. Preliminary or final descriptive reports on the ground
water of all or parts of more than a third of Florida's 67 counties
have been completed as a part of the program in cooperation with
the U.S. Geological Survey. Many special studies have been made
in other counties. The counties in which studies have been made
to date are those in which problems of one kind or another have
arisen, such as the salt-water encroachment that led to the study
in southeastern Florida (Parker and others, 1955), one of the most
comprehensive made anywhere in the country to date. The principal
State agency supporting the cooperative hydrologic studies is the
Florida Geological Survey (Division of Geology of the Florida
State Board of Conservation). The principal coordinating agency
is the State Department of Water Resources (now the Division of
Water Resources and Conservation of the State Board of Conservation), which began operating in 1957. Other State cooperating
agencies include the Board of Parks and Historic Memorials^ the
Road Department, and the Trustees of the Internal Improvement
Fund. Agencies below State level include the Central and Southern
Florida Flood Control District, six counties, and nine cities. More
than 100 reports on ground water alone have been completed since
the current program of cooperative investigations was started in
1934. At least a preliminary report has been prepared on nearly
every county or area in the State where a serious problem relating
to water supply or salt-water encroachment has arisen. A comprehensive bibliography of ground water in Florida for t,he period
1861-1955 is presented by Unklesbay and others (195&).
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DESCRIPTION OF AREAS

Ground water is developed to some extent in nearly all parts of
the State, but the principal areas of use are six along or near
the coast and one, the central highland area, centering in Polk County. In these seven areas was withdrawn about seven-tenths of the
approximately l 1/^ bgd of ground water used in 1960. Naturally,
ground-water studies to date have been made largely in these areas.
Recent reports on the rest of the State include, among others, one
on Columbia County (Meyer, 1962), one covering Alachua, Bradford, and Union Counties as well as Clay County in the northeastern
area (Clark and others, 1962), and one covering Flagler County
as well as Putnam and St. Johns Counties in the northeastern area
(Bermes and others, 1962).
WESTERN PANHANDLE

The western Panhandle area covers southern Escambia, Santa
Rosa, Okaloosa, Walton, and Washington Counties and Bay County.
The western two-thirds of the area is described by Barraclough
and Marsh (1962; see also Marsh, 1962). The withdrawal of ground
water in 1960 was about 100 mgd, of which about 80 mgd was used
by industries. Nearly all the ground water in Escambia and Santa
Rosa Counties comes from a shallow sand and gravel aquifer; in
the rest of the area limestone beds beneath the sand and gravel are
the principal source. The pumpage is expected to increase to 150
mgd by 1970.
There are no serious problems at present. However, actual or
threatened salt-water encroachment and effects of waste disposal
have necessitated remedial action locally. Measures for solving the
problems are at .hand, including reduction of pumping at some
places and substitution of wells some distance away or wells drilled
to other aquifers, artificial recharge, and treatment of wastes or
relocation of the point of waste discharge.
Potential sources of ground water include the sand and gravel
aquifer, especially in the northern part of the area where it is
nearly untouched; and the. limestone aquifer in the large part of
the area where it is undeveloped or lightly pumped. In addition
to these large undeveloped sources of ground water are very large
supplies of surface water. In Escambia and Santa Rosa Counties
alone the flow of fresh water in streams is more than Y 1/^ bgd
(Musgrove and others, 1961, p. 24).
NORTHEASTERN FLORIDA

Northeastern Florida (Cooper and Kenner, 1953; Cooper and
others, 1953) as described here includes the following counties; Nassau (Leve, 1961), Duval, Clay (Clark and others, 1962), Putnam
(Leve, 1958; Bermes and others, 1962), St. Johns (Tarver,
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1958; Bermes and others, 1962), and northern Flagler (Bermes,
1958a; Bermes and others, 1962). The 1960 withdrawal was about
165 mgd, of which about 60 percent was used by industry. The
Floridan aquifer yields all the water except a little from shallow
wells in rural areas. Wells flow in all the area east of the St. Johns
River, except a strip of high ground in south-central St. Johns
County, and flow also in a strip several miles wide west of the
longitude of the river; Jacksonville is the largest city in the Nation
obtaining its public supply from flowing wells. The total withdrawal
in the area is expected to increase to 275 mgd by 1970.
The threat of salt-water encroachment along the coast is the
major problem. Residual saline water in the Floridan aquifer along
the St. Johns River valley also creates a problem. Reduction of
artesian head increasing pumping costs or necessitating installation
of pumps is a problem but one of relatively minor importance.
Wider spacing of wells or location of wells inland is an answer
to the problem of salt-water encroachment. The Floridan aquifer
in the western part of the area is lightly developed, and very large
supplies are still available there.
EAST-CENTRAL FLORIDA

East-central Florida includes the southeastern two-thirds of Volusia County (Wyrick and Leutze, 1956; Wyrick, 1960), Seminole
County (Stringfield, 1934; Heath and Barraclough, 1954; Barraclough, 1962), eastern Orange County (Unklesbay, 1944; Unklesbay
and Cooper, 1946; Telfair, 1948), all except the southwestern third
of Brevard County (Brown and others, 1957, 1962), and eastern
Indian River (Bermes, 1958b), St. Lucie, and Martin (Lichtler,
1957, 1960) Counties. The 1960 withdrawal was about 90 mgd,
most of which was used for public supplies. Except in a few localities in the southern part of the area, the water comes from the
Floridan aquifer. The withdrawal is expected to increase to 150
mgd by 1970.
Except in Volusia County the Floridan aquifer generally does not
yield potable water east of the St. Johns River. Much of the ground
water used in Brevard County, including that for the city of Cocoa,
is obtained from areas west of the river in Orange County, and in
the southern counties potable water is obtained from shallow aquifers. The water in the Floridan aquifer is usable' for irrigation and
is so used rather extensively. Flowing wells yielding mineralized
water are allowed to discharge into ditches which drain into the
St. Johns River and contaminate the river water to some extent.
Residual pollution of the Floridan aquifer as a result of waste
disposal in the Orlando area is a problem. Discharge of waste into
the aquifers is now prohibited, and the remaining pollution will be
dissipated reasonably soon if the prohibition continues in force.
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Large supplies await development in the Floridan aquifer in
central and western Orange and Volusia Counties at the west edge
of the area. In the rest of the area, additional potable water will
have to be obtained from shallow aquifers. Large supplies of surface
water are available in the lakes in Brevard County, and proposed
reservoirs on the upper St. Johns River, if constructed, will make
available even larger supplies.
SOUTHEASTERN FLORIDA

Southeastern Florida includes approximately the eastern halves
of Palm Beach (Schroeder and others, 1954), Broward (Vorhis,
1948; Sherwood, 1958), and Dade (Parker and others, 1955;
Schroeder and others, 1958) Counties. The area, less than a twentieth
of the State's total, includes about a quarter of the population, and
about 75 percent of the 270 mgd of ground water withdrawn in 1960
was used for public supply. All the supplies are obtained from the
shallow (Biscayne) aquifer, as the Floridan aquifer contains impotable water. The Biscayne aquifer, which is principally limestone,
has a maximum thickness of about 200 feet, but it is highly productive in many areas where it does not exceed 100 feet, as in the
Miami area. The pumpage is expected to increase to 500 mgd by
1970.
Encroachment of salt water is always a potential danger because
of the high permeability of the limestone, which readily admits salt
water whenever the fresh-water head is reduced excessively, just as
it readily transmits fresh water when the head is maintained. Salt
water may encroach from the sea when the fresh-water head is
reduced by heavy pumping near shore, but the principal agent of
both lowering of head and access of salt water is the drainage canal
that extends into tidewater. The comprehensive investigation in
southeastern Florida described by Parker and others (1955) was
made necessary by salt-water encroachment both in a strip along
the shore and as tongues beneath the canals, which had lowered the
fresh-water head and reduced the outflow of fresh water that
formerly held the salt water back. Controls have now been installed
in the principal canals in the form of dams, which protect the fresh
water upstream. Some of the dams are too far upstream to give
adequate protection, however. Also, occasional proposals are made
to dig new canals, along each of which salt-water encroachment is a
possibility that must be guarded against (p. 73; see also Kohout,
1961).
Currently all large ground-water supplies are developed in the
eastern part of the area; very large additional supplies can be
developed in the western part if protective measures against saltwater encroachment are continued. Large surface reservoirs constructed in the Everglades as part of a Federal-State flood-control
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project are potential sources of large quantities of water both for
direct use and for maintaining the flow of fresh water in drainage
canals during dry weather (Stallman, 1956; Klein and Sherwood,
1961; Sherwood and Leach, 1962).
SOUTHWESTERN FLORIDA

Southwestern Florida includes western Collier County (Klein,
1954; Sherwood and Klein, 1961; McCoy, 1962), all but the northeastern quarter of Lee Count}7, southwestern Charlotte County, most
of Sarasota County (Stringfield, 1933a, b), and western Manatee
County (Peek and Anders, 1955; Peek, 1958) and ends at Tampa
Bay. The 1960 withdrawal of ground water was about 50 mgd, of
which more than half was used for irrigation. The water comes
from several different aquifers, and at any given place the usability
of the aquifers depends on the quality of their water. The withdrawal is expected to increase to 75 mgd by 1970.
The principal problem is the scarcity of aquifers yielding large
supplies of good water. The widespread occurrence of saline water,
representing incompletely flushed sea water, reflects both low permeability of the water-bearing material and low elevation of the
land surface, which provide insufficient head and circulation of
fresh water to complete the job of forcing out the salt water. The
only solution to the problem is to learn where the fresh water is and
go there to get it.
North of the latitude of Lake Okeechobee and inland of the present
area of development, large quantities of good water are available
from the Floridan aquifer.
TAHFA BAY AREA

The Tampa Bay area includes Hillsborough (Peek, 1959; Menke
and others, 1961), Pasco, and Pinellas (Heath and Smith, 1954)
Counties; the latter is largely a peninsula enclosing the bay on the
northwest. The Floridan aquifer is the source of all large groundwater supplies, and about 100 mgd was pumped in 1960; 85 percent
of the water was used for municipal and industrial supplies. The
pumpage is expected to increase to 200 mgd by 1970.
Actual or threatened salt-water encroachment from the coast, the
bay, and esuaries is the chief problem. One possible solution is
reduction of pumping near bodies of salt water; another is damming
off parts of the bay or estuaries to create fresh-water lakes along
which water could be pumped without fear of salt-water encroachment. Consideration is being given to the second method for one
part of the bay.
As for most other coastal areas in Florida, large supplies of fresh
water are available inland to replace or supplement the coastal withdrawals when they reach their safe limit. In this area the Floridan
aquifer is the inland source awaiting development.
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CENTRAL HIGHLAND

The central highland area of this report (Cooper and Kenner,
1953; Cooper and others, 1953) includes southern Sumter and Lake
Counties, all of Polk (Stewart, 1959) and Hardee Counties, and
northern Highlands County (Bishop. 1956). The pumpage in 1960
was about 215 mgd, of which approximately 180 mgd was pumped in
Polk County. About three-quarters of the 180 mgd was used by
industries. Nearly all large supplies are obtained from the Floridan
aquifer. The withdrawal in the central highland area is expected to
increase to 250 mgd by 1970.
There are no critical problems of water supply or salt-water
encroachment. The principal situation to be guarded against is
local excessive concentration of pumping, which might increase
drilling and pumping costs unduly. Contamination of the aquifer by
waste disposal also must be avoided. Additional large supplies are
available in the less heavily pumped parts of Polk County and in all
the other counties of the area.
An interesting study which illustrates the hydrologic complexities
that must be unraveled in solving practical problems even in this
seemingly trouble-free area is that of Lakes Istokpoga and Placid
in Highlands County (Kohout and Meyer, 1959). The problem at
both lakes was control of lake levels and flooding. At Lake Istokpoga it was proposed to build a levee around the southeast side, and
to divert to Lake Okeechobee floodwater that formerly raised the
lake too high and also contributed to flooding in the Kissimmee
River valley. The problem was to determine whether a proposed
northwestward extension of the Harney Pond Canal, which flows
to Lake Okeechobee, would do the job. Would the canal tend to
drain ground water into Lake Istokpoga instead of carrying water
away? Would the amount of ground-water pickup by the canal
tend to negate the canal's usefulness for draining off excess surface
water? Would drainage by the canal have an adverse effect on
ground-water and lake levels in the Highlands Ridge to the west?
The study showed that ground-water pickup by the canal would
not be excessive and would not affect water levels in the ridge
if the canal were routed so that its level would coincide with
the level of the water table. If the study had not been made, the
canal not only might have failed to serve its intended purpose but
might have had an adverse effect on other lakes.
At Lake Placid the problem was to control the level of the lake
in wet weather so as to prevent flooding of lakeshore homes and
crops. In dry weather the problem was to prevent undue lowering
of the lake level by evaporation and by pumping from the lake for
irrigation, and thus to avoid both failure of crops and undesirable
effects on recreational use of the lake. As part of working out a
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solution it was necessary to devise a method for predicting the
lowering of lake level that would occur in an extended dry period.
It was discovered that water leaks downward from the lake into
the Floridan aquifer, and that the lake level declines as a result
of pumping from the aquifer as well as of pumping directly from
the lake. The data on this effect and on the rate of recession in
dry weather will make it possible to predict the behavior of the
lake level far enough in advance to enable maintaining the desired
level by properly timed operation of control dams and drainage
canals. In this case also, if the study had not been made there
would be no adequate basis for achieving the desired control, and
the conditions that had caused complaint in the past would have
continued and worsened.
PROSPECTS AND NEEDS

Florida's balmy climate and its lakes, beaches, and waterways
seem destined to prolong indefinitely the current rapid influx of
both tourists and permanent residents; its large water resources
certainly make it anything but unattractive to industry. In population the State grew from 27th in the Nation in 1940 to 20th in
1950 to 10th in 1960, and the population is now expected to rise to 8
or 9 million by 1970 and 25 million by 2000. Water use is expected
to grow from the 1956 rate of 3.8 bgd to 6.4 bgd by 1970 (State
Officials, 1960, p. 40). Irrigation is expected to continue to increase.
In 1956 a sixth of the State's 4,279,000 cultivated acres was irrigated, and according to the State the water use was about 1.2 bgd
(about 1.3 million acre-feet, or about 2 acre-feet per acre). Irrigation use is expected to increase to 2.2 bgd by 1970. The State is
25th in the Nation in industrial employment, and industry is not
very diversified, about two-thirds of the employment being in five
lines food processing, lumber, pulp and paper, chemicals, and
tobacco processing. Industrial use in 1956, according to the State,
was about 2.2 bgd, of which nearly 500 mgd was ground water.
It was about 2.5 bgd in 1960, of which nearly 700 mgd was ground
water (MacKichan and Kammerer, 1961b), and by 1970 the State
expects it to rise to 3.4 bgd, of which about 950 mgd is expected
to be ground water. Industry, which doubled in employment in
1950-60, is expected to become more diversified.
To promote and insure the expected growth. Florida will need
to continue its efforts to control floods and safeguard water supplies from contamination by either wastes or salt water. The partly
completed Central and Southern Florida flood-control project, largest such project in the State and one of the largest in the Southeast,
is a principal step toward achievement of the first objective. The
active data-gathering program of the State Geological Survey mentioned previously and the coordinating activities of the Division
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of Water Eesources and Conservation show the intention of the
State to do its part in achieving the second objective (Florida
Department of Water Eesources, 1961). That the need for planning
for effective water management has been recognized for some years
is shown by the number and character of .papers presented at a
symposium on water management sponsored by the Florida Engineering and Industrial Experiment Station in 1955. Eecognition of
the need is shown also by the State's water policy as expressed in
law (Florida Department of Water Eesources, 1955), and by the
main and supplemental reports of the Florida Water Eesources
Study Commission (1956, 1957) to the Governor and the 1957
Legislature.
GEORGIA
Water resources large; rates of precipitation and runoff about three-fifths
and three-fourths again as high as conterminous-State average. Bulk of ground
water in Coastal Plain; substantial supplies in northwest corner of State in
Appalachian Valley and Ridge and Appalachian Plateaus provinces; moderate
supplies in northeast corner at south end of Blue Ridge; supplies of a few
gallons per minute, adequate for domestic use, rather consistently available
in Piedmont, but larger supplies available only locally. Total 1960 pumpage
of ground water about 430 mgd, more than four-fifths in Coastal Plain, where
few installations obtain water from streams except for fuel-electric power and
industrial cooling. Ground-water use approximately doubled from 1950 to 1960
and is expected to double again at least by 1985. Few serious ground-water
problems at present; existing ones relate mostly to quality of water hardness,
iron content, corrosiveness, and residual salinity from former invasions of the
sea. Potential problems of sustained yield locally in coastal strip, at inner
edge of Coastal Plain, in potential industrial counties southwest of Atlanta,
and in northwestern part of State. State recognizes its principal tasks as to
catch up with rapidly increasing needs for hydrologic data and to plan for
water-management needs of the future.

Georgia is one of the well-watered Southeastern States of growing
population, industry, and water demand. Like Florida it is of
about average size for one of the conterminous States (though it is
the largest of the States east of the Mississippi), but it has a substantially larger water supply than the average State.
The southeastern three-fifths of Georgia lies in the Coastal Plain
province. The northwestern two-fifths is largely in the Piedmont
province but includes, in the northwest corner, a small area of the
Valley and Eidge province and a still smaller area of the Appalachian Plateaus province. An area of a few counties in the northeast
represents the southwest end of the Blue Eidge province.
The precipitation is a little less than 48 inches in most of the
State. In the southwestern part it rises from 48 to 56 inches, and
in the northern fifth it rises as high as 64 inches in the Blue Eidge.
It averages about 48 or 49 inches, though no accurate average has
been computed.
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The runoff is naturally greatest in the northern part, rising above
40 inches in the Blue Ridge. The contour of 15-inch runoff runs
very approximately along the Fall Line and that of 10 inches runs
parallel to the coast across the middle of the Coastal Plain (pi. 1).
The average annual runoff in the State is about 15 inches a total
of about 42 bgd according to measurements made in 1951 by C. H.
Hardison of the U.S. Geological Survey (unpublished data) from
the runoff contours of Langbein and others (1949) reproduced in
plate 1.
Georgia receives little water from outside, but large streams to
which both Georgia and adjacent States contribute water form large
segments of Georgia's boundaries the Savannah River and its
principal tributary the Chattooga River the entire northeastern boundary and the Chattahoochee River the southern half of the western.
The Savannah and Chattahoochee are of about the same size in
Georgia, the Savannah having discharged an average of about 7
bgd in 1937-56 at the station farthest downstream (Clyo, Ga.) and
the Chattahoochee about 6.8 bgd in 1928-57 at Columbia, Ala. (U.S.
Geol. Survey, 1960b, p. 18-19). The Flint River, which drains a
large area in southwestern Georgia, adds nearly as much where
it joins the Chattahoochee in the Jim Woodruff Reservoir at the
southwest corner of the State, and the combined stream, now called
the Apalachicola River, flowed nearly 14 bgd at Chattahoochee, Ala.,
just below the Jim Woodruff Dam, in 1928-57.
The total withdrawal use of fresh water in Georgia in 1960 (MacKichan and Kammerer, 1961b) was about 2,200 mgd, about 260 mgd
of surface water and 110 mgd of ground water for public supply,
23 and 68 mgd for rural supply, 1,500 and 230 mgd for industry
including 1,400 mgd of surface water and 3 mgd of ground water
for public-utility fuel-electric power generation, and 20 and 16
mgd for irrigation. About 420 mgd of saline surface water was
used, mostly for power generation. Hydropower generation, a
nonwithdrawal use, accounted for about 41 bgd, about equivalent
to the average runoff within the State.
The State in response to the inquiry of the Senate Select Committee on National Water Resources said that there were few
problems to which attention need be called (State Officials, 1060, p.
46-48); one of some gravity is the need to protect Georgia's surface
waters from pollution in order to maintain recreational and fish and
wildlife values and to safeguard water supplies. The State called
attention to tKe U.S. Study Commission on the Southeast River
Basins, set up under Public Law 85-850. The Commission's report
will bring out all the significant water problems and possible solutions in the area, more than half in Georgia, between (and including)
the basin of the Savannah River on the northeast and the basins of
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the Chattahoochee, Escambia, and Perdido Rivers on the west. (See
MacKichan and Kammerer, 1961a; Callahan, publication pending).
Industry has been expanding in Georgia for the last 80 years,
especially in the last 10. The old rural-agricultural economy is
changing to one of cities and industry. The farm population is
moving to the cities, and land that once produced cotton and corn
is now being planted to pine trees for growth of timber on a sustained-yield basis. The modest, scattered water demands of an
agricultural economy based on dry farming are becoming larger
and more concentrated.
QROUND-WATER RESOURCES AND DEVEIX>PMENT

Georgia can be divided neatly into three areas of differing groundwater conditions. In the northwestern dozen or so counties is the
Valley and Ridge physiographic province, a part of the Unglaciated
Appalachian ground-water region, including in the extreme corner
a small area of the Appalachian Plateaus province, a part of the
Unglaciated Central ground-water region. To the east and south,
occupying about a third of the State, are the Piedmont and Blue
Ridge provinces, making up the rest of the Unglaciated Appalachian
ground-water region in Georgia. Finally there is the Coastal Plain,
occupying the southeastern three-fifths of the State.
VALLEY AND RIDGE PROVINCE

The Valley and Ridge province includes for the purpose of this
report the small area of the Appalachian Plateaus, which has the
same types*of rocks and which differs only in that the strata are only
gently tilted instead of folded. The rocks are limestone, dolomite,
sandstone, and shale, and their lithology and structure determine
the local occurrence of and depth to ground water. The folds and
faults in the rocks act to direct and concentrate the flow of ground
water in the limestone and dolomite, the result being the existence of
numerous large springs, many of which flow more than 1,000 gpm and
one of which flows about 14,000 gpm (20 mgd). Some of the springs
are used by towns and industries.
Limestone and dolomite are the important water bearers. These
"carbonate" rocks underlie 10 counties;-studies in 4 of the counties
. show that the ground-water potential of the province has barely been
touched. Many millions of gallons per day of .spring flow is virtually
"unused. Most wells are less than 250 feet deep and are pumped at
less than 50 gpm, whereas many would yield several hundred gallons
'per minute, and productive zones in the rocks extend much deeper
than 250 feet in some places. One 150-foot industrial well at Cartersville in Bartow County is pumped at 3,200 gpm (4% mgd). Supplies
adequate for towns and industries can be obtained in favorable
areas at depths of less than 500 feet.
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The water is of generally good quality, except that the water
from carbonate rocks is hard. Water from sandstone and shale is
generally soft. A deep well in Catoosa County yielded brackish
water, but this condition is uncommon. In Dade County water from
some wells in sandstone and shale, though soft, is corrosive and
high in iron content.
Ground-water use in 1960 was nearly half again as great as in
1950 but was still modest a total of about 29 mgd including 2.5
mgd for industry, a little more than 21 mgd for municipalities, 5
mgd for rural use (on the basis of an assumed average of 50 gpd
per capita), and a small amount for irrigation (71 acre-feet, or an
average of 0.06 mgd). The greatest part of the industrial pumping
takes place in the vicinity of Cartersville, where an average of more
than 2 mgd is pumped from the productive well mentioned above.
Many small industries elsewhere use some ground water from wells
or springs.
The demand for water will increase substantially in the next 10
years. Ground water has been overlooked in some places where it
could be developed at substantially lower cost than the surface-water
supplies on which emphasis has been'placed. The ground water in
the cavernous limestone is locally polluted, but treatment to remove
pathogenic organisms is considerably simpler and cheaper than the
treatment required for surface water, which almost invariably is
both somewhat polluted and turbid. Exploration for ground water
by test drilling would be a worthwhile step in any locality where
water is needed, and in many if not most cases would enable
development of the supply at modest cost.
PIEDMONT AND BLUE RIDGE PROVINCES

The Piedmont and Blue Ridge are underlain by igneous and
metamorphic "crystalline" rocks, including marble, quartzite,
slate, schist, gneiss, and granite. The rocks, containing water only
in fractures and weathered zones, are not as complex hydrologically
as they are mineralogically and structurally. Nevertheless, they do
vary greatly from place to place in water-bearing character, especially
with degree and pattern of fracturing.
Small yields adequate for domestic use are generally easy to get,
but in general the Piedmont is a difficult area if a ground-water
supply of more than a few tens of gallons per minute is desired.
Nevertheless, some wells have yielded 100 to 400 gpm, and groups of
wells yield total supplies of as much as 1 mgd for some towns and
industries. The criteria for locating wells on the basis of topography
and other factors apply here as they do elsewhere (p. 58, 62; LeGrand,
1949; Sever, 1962a). Wells drilled in valleys yield four times as
much on the average as those drilled on hilltops. Fractured
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and cavernous marble, fractured quartzite, and weathered granite
generally yield more water than gneiss, schist, and slate.
Deposits of alluvium along the streams are potential sources of
water that has been developed in few places, largely because the
water-bearing capability of the alluvium is not known. There is no
reason why the valleys of Georgia's Piedmont and Blue Ridge
should not be as promising as those of North Carolina (Mundorff,
1950).
Water in the crystalline rocks, and in the alluvium derived from
them, is generally soft and low to moderate in dissolved-solids content. Corrosiveness and excessive iron content are the commonest
causes for complaint. (For example, see Sever, 1962b).
The more productive the rock, the larger and more numerous the
openings in it and the greater the danger of pollution from upgradient sources. Except in marble, however, the danger is less than it is
in the limestone areas of the Valley and Ridge province.
Sustained yield may be a problem, especially where the quantity
pumped is large. The area can be considered a series of more or
less independent ground-water basins, as the lowlands commonly are
the productive areas and the ridges, generally being formed of less
fractured, more resistant, less permeable rock, act as boundaries
between basins. Thus in a small basin it is possible that the rock
might be well fractured and might yield a large supply to a well, but
the total recharge to the basin might be small and would not support long-term heavy pumping. Up to a certain point, pumping in
the lowlands may increase the total yield of a basin by salvaging
evapotranspiration, but beyond that point consumptive use of ground
water will reduce the base flow of streams.
Most wells are now drilled or bored, the dug well being almost a
thing of the past. An increasing number of wells in soft, weathered
rock are bored with augers; they are generally less than 130 feet
deep. Drilled wells are mostly 200 to 500 feet deep; most of them
yield 3 to 40 gpm.
The relatively few wells drilled in the Blue Ridge have shown
that the rocks there tend to be more productive than is generally
expected in that province in the East as a whole, and the area is
shown patterned in plate 1.
Ground-water pumpage in the area in 1960 was about 51 mgd,
about 0.3 for industry, 5.3 for towns and cities, 45 for rural use
(on the basis of 50 gpd per capita), and an average of 0.02 for
irrigation. The total represents an increase of about half over that
of 1950. The demand may be expected to increase as cities and
industries grow and develop ground water, wherever it is available
in sufficient quantities, as the cheapest source of supply. Supplemental irrigation probably will not increase greatly, but it will
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prove to be profitable in areas of larger than average ground-water
supplies.
There is need for more detailed studies of the distribution and
character of the rocks in different areas and different topographic
settings, and of the amount of recharge and maximum feasible
sustained rates of pumping. Such studies are likely to reveal localities of unsuspected productiveness in this large area of generally
small to moderate well yields, as well as especially unproductive
areas, and would do much to promote the development of the area
by lessening the cost of obtaining water for the expanding economy.
There is need also for mapping and study of the alluvial deposits,
which in some areas may be capable of yields adequate to supply
towns and industries of moderate size. Many water shortages of
the past could have been alleviated readily if good information
on local ground-water sources had been available.
COASTAL PLAIN

Georgia's largest ground-water resources are in the Coastal
Plain, which makes up the southeastern three-fifths of the State
and in which about 350 mgd of the State's estimated 1960 total of
about 430 mgd of ground water was pumped (about 65 percent for
industry, 24 percent for municipalities, 7 percent for rural use, and
4 percent for irrigation). The largest and most important aquifer
is the principal artesian aquifer, a northward extension of the
Floridan aquifer of the Peninsula and eastern Panhandle of Florida.
The aquifer underlies the southeasternmost two-fifths of Georgia
and extends northeastward into the south corner of South Carolina.
The Coastal Plain aquifers comprise four groups each of which
is developed in its outcrop area and for some distance downdip
where it is still accessible at reasonable depth. Thus in some areas
aquifers of two or even three groups are tapped. The groups, from
oldest to youngest, are sand aquifers of Cretaceous age, limestone
and sand aquifers of early Tertiary age, the principal artesian
aquifer, and sand and limestone aquifers of Miocene and Pliocene
age.
SAND OP CRETACEOUS AGE

The sand aquifers are a complex of water-bearing sands interbedded with silt and clay, forming a wedge thickening southeastward
from a featheredge at the Fall Line. The sands are tapped by wells
in a belt about 50 miles wide southeast of the Fall Line, running
northeastward from Muscogee, Chattahoochee, Stewart, Quitman,
and northern Clay Counties on the Chattahoochee River (the Alabama line) on the southwest to Richmond, Burke, and northernmost
Screven Counties along the Savannah River (South Carolina line)
on the northeast. The basal sand, the Tuscaloosa Formation, is the
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most persistent and widespread aquifer. Above it are other Cretaceous formations, some of which contain water-bearing sands.
Along the Fall Line the Tuscaloosa Formation has been cut away
along the larger streams and is less than 200 feet thick in the
interstream areas. It thickens to as much as 800 feet 30 miles to
the south. It is tapped as much as 50 miles southeast of the Fall
Line, as indicated previously. It yields as much as 2,000 gpm to
individual wells.
The Tuscaloosa is an attractive source of water for new industries.
Since 1958 several new wells have been drilled within 10 miles
south of Augusta for industries locating along the new barge channel in the Savannah Kiver, and more will be drilled in the future.
At the other end of the belt, south of Columbus, similar development
will occur when completion of a barge channel along the Chattahoochee Kiver opens up the area to water transportation from the
Gulf of Mexico.
The water is generally of good quality, though somewhat corrosive
and iron bearing. Somewhere downdip the water becomes saline,
but the location of the fresh water-saline water boundary is not
known.
Cretaceous aquifers above the Tuscaloosa are developed for some
municipal and industrial supplies in the western part of the belt
but are little used in the eastern part, owing to the higher productivity of the Tuscaloosa below and easy availability of water from
aquifers in rocks of Tertiary age above. The sands are possible
sources of substantial additional water but little is known of their
potential.
LIMESTONE AND SAND OF EABLY TEBTIABY AGE

Limestone and sand aquifers of early Tertiary age are tapped
in a belt which is about 50 miles wide in Clay and Early Counties
on the southwest, narrows to about 20 miles along the Ocmulgee
Kiver in Pulaski and Bleckley Counties in the middle, and then
widens again to 50 miles in Burke and northern Screven Counties
on the northeast. This belt overlaps that of the Cretaceous aquifers
that is, the Cretaceous aquifers are tapped beneath the Tertiary
in a strip widening from about 10 miles on the southwest to 40
miles on the northeast.
West of the narrow "waist" along the Ocmulgee River the early
Tertiary rocks in the belt are an important source of water. They
are the principal source of ground water in the Dougherty Plain
of southwestern Georgia and are used at Albany, the largest city
on the plain. At Fort Gaines, wells in the lowermost limestone bed
have been pumped at 8 to 15 mgd for more than 2 years. Similar
yields should be available in many places, even though little is
671316 O 63
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known of the hydrologic properties and potential of this group of
aquifers. Considerable additional development of the aquifers is
likely when the Chattahoochee and Flint Rivers are opened to barge
traffic within the next decade.
East of the "waist" the early Tertiary aquifers are not much
used because the highly productive Tuscaloosa Formation is present
below, and the principal artesian aquifer is present above the early
Tertiary aquifers in most of the width of their belt and even
beyond them on the northwest in a strip in Washington and Jefferson
Counties, where the principal artesian aquifer overlaps the early
Tertiary and lies directly on the Cretaceous.
The water of the early Tertiary aquifers is of good chemical
quality in the belt where the aquifers are now tapped but may be
saline not far downdip.
PRINCIPAL AETE8IAN AQUIFER

The principal artesian aquifer, an extension of the aquifer now
generally known in Florida as the Floridan aquifer, consists of beds
of limestone underlying the southeastern two-thirds of the Coastal
Plain, southeast of a line running northeastward from west-central
Early County on the Chattahoochee River to the south edge of
Glascock County about 40 miles southwest of Augusta and then
swinging eastward to the Savannah River in Burke County about
20 miles southeast of Augusta. It is an important aquifer nearly
throughout its extent in Georgia and is the main source of water
for the industrial cities along the coast. It furnishes most municipal
and rural supplies also within the area it underlies. It ranges in
thickness from 0 at the northwest edge to 600 feet or more along
the coast.
The water is of good quality at most places, though hard. The
dissolved-solids content is generally less than 600 ppm.
The aquifer is developed most extensively along the coast,
especially at Savannah, Jesup, Brunswick, and St. Marys, at each
of which tens of millions of gallons of water per day is withdrawn.
The piezometric surface has declined appreciably for distances of at
least 50 miles inland from these localities, but no serious salt-water
encroachment has yet occurred. The piezometric surface has been
drawn below sea level for some distance out to sea as well as inland,
but the aquifer contains fresh water for an unknown distance
beneath the sea and at the coast is protected from direct encroachment from above by the overlying beds that confine the water under
artesian pressure. The aquifer contains saline water in and offshore
from easternmost Beaufort County, S.C.. and salt water is moving
toward Savannah from that area. The lowering of the piezometric
surface in the South Carolina area is so slight, the hydraulic gradient
toward Savannah so low, and the distance so great that the salt
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water will not reach the city for a century or more at present pumping
rates. The movement could be slowed even further by reducing the
pumping in the eastern part of the Savannah area and developing
water farther west, where large quantities .could be pumped safely.
Saline water is present at a depth of about 1,000 feet at Brunswick,
apparently in a tight limestone which has not been flushed completely
of sea water (Wait, 1962). There is some evidence that fresh water
may be present below the presently developed aquifer and the salint
zone, at a depth of 1,200 to 2,000 feet. Additional information is
needed on the occurrence of this water and the extent to which it
might be tapped, j
The city of Thom^sville, in southwestern Georgia near the Florida
line, has recently 'proposed to pump salty water from the bottom
of the aquifer to regenerate water-softening materials at the city's
treatment plant. If the proposal is carried through, it will represent
the first use of saltiy water from the aquifer. The saline water in the
lower part of the aquifer is characteristic of a belt representing an
ancient seaway which extended northeastward in an arc from Graflyi
and Thomas Counties on the Florida line to southern Screven and
northern Effingham Counties on the Savannah River north of
Savannah (Callahan, 1960, p. 6, fig. 3). Apparently sea water
deposited with the rocks in this seaway has never been flushed out
completely.
Pumping from this, the State's most important aquifer, in areas
distant from the coast is substantial, in total, but is not concentrated
except locally and has hardly made a dent in the supply. Very
large supplies of water remain to be tapped in areas not now pumped
heavily. As development of the aquifer proceeds, there will be an
increasing need for more detailed knowledge about it. The places
and rates of recharge, the amount of water in storage, the amount of
discharge to the sea, and the position of the fresh water-salt water
interface off the coast are not known. The effect of pumping from
the principal artesian aquifer on aquifers above and below is not
known. In certain areas, heavy pumping from the principal artesian
aquifer might lower the water level in surficial sediments now fed in
part by upward flow from that aquifer, leading to such effects as the
drying up of swamps. Whether such effects would be desirable or
undesirable depends on local circumstances, but hydrologic information needed to predict them should be gathered.
Information on the transmissibility and storage coefficients of the
aquifer, and thus on its potential productivity, is available only for
the Savannah, Brunswick, and St. Marys areas. The data, though
valuable, are still not adequate for reliable prediction of the effect of
large future developments, such as for example the proposal to
increase the pumping at a single plant at Brunswick from 60 to 120
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mgd by 1961. Especially in these coastal areas, quantitative hydrologic information is vitally needed to enable protecting the fresh
water from salt-water encroachment, yet permit the greatest possible
rate of pumping that is safe.
SAND AND LIMESTONE OF MIOCENE AND PLIOCENE AGE

The sand and limestone aquifers of Miocene and Pliocene age are
a part of a relatively thin blanket of surficial material which overlies
the principal artesian aquifer in a belt along the coast ranging in
width from 85 miles on the southwest to 45 miles on the northeast.
The aquifers have been little developed to date because of the
abundance and ready availability of water in the principal artesian
aquifer below. They are tapped by a few domestic wells and are
being increasingly exploited for irrigation by means of "water-table
ponds" dug in sand which are used for watering truck gardens.
Development of the shallow aquifers undoubtedly will increase
substantially in the next decade; it will be encouraged by lowering
of the head of the undertying artesian aquifer. Heavy pumping for
supplemental irrigation in times of drought undoubtedly will tend
to reduce the flow of some small streams. Except in such heavily
pumped areas, however, the aquifers are capable of much additional
development for uses not requiring the large yields available from
the principal artesian aquifer.
PROSPECTS AND NEEDS

As of 1960 the average per capita use of water in Georgia for
domestic and industrial supply was still below the national average
about 650 gpd against an average of about 900 but the use is
increasing rapidly. It is estimated that there are a quarter of a
million wells in the State, and thousands more are drilled each year.
Supplemental irrigation is still of relatively minor importance in
the State as a whole, but its potentialities are shown by the 400 or
more irrigation wells drilled in the year following the 1954 drought.
Use of surface water in the Coastal Plain undoubtedly will increase
over its present level. As the value of supplemental irrigation in
saving and increasing crops becomes realized, streams, where accessible, will be increasingly tapped for this purpose. Competition
between surface-water and ground-water irrigators, as well as other
users, may result in local shortages of water in some areas where
overall water resources are moderate rather than large.
Georgia's total water resources are very large and, on the whole,
will exceed the demand for a long time to come. There are still
problems to be solved, however, and these will become more numerous
as water demands become larger and more concentrated. One of the
principal ones is evaluation and management of the invaluable water
supply of the principal artesian aquifer in the coastal area. Another
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is pollution of streams and aquifers which will become more widespread as population and water use increase. A problem of local
importance is waterlogging resulting from the construction of reservoirs as a part of current waterway development. A problem that is
widespread though only locally serious is the quality of the ground
water, which may be such as to require treatment if the water is to
be used for certain purposes.
Georgia's water certainly has been an important factor in the
State's recent growth. The growth seems destined to continue and
accelerate, and water will continue to be one of the important stimulants. Water uses much larger than those of the present could be
undertaken without increasing existing problems beyond a level that
less water-fortunate States would consider extremely modest. Nevertheless, the very fact that the water resources are large and will lead
to great future economic growth creates a problem of great potential
significance that of planning for future development and management of water so as to avoid or minimize problems that might stifle
growth in the still more distant future. The State realizes what is
involved and has made substantial progress in the two essentials
collection of hydrologic information, and study of the changes
needed in present laws to enable sound water management.
GROUND-WATER STUDIES

Both surface- and ground-water studies have made substantial
progress under the leadership of the Department of Mines, Mining
and Geology of the State Division of Conservation, the U.S. Geological Survey's principal cooperator in Georgia. There is a good network of gaging stations on the major streams, but many data are
needed on small streams and on ground water-surface water relations.
Ground-water studies at the present rate will not cover the State
adequately for several decades. Nevertheless, most of the areas of
greatest importance have been covered by at least reconnaissance
studies. The first important study was a reconnaissance of the belt
two to three counties wide along the coast (Stringfield and others,
1941; Warren, 1944). In that study special attention was paid to the
Savannah area, and a more comprehensive study in that area has
been underway since 1954 (Warren, 1955; Counts and Donsky, 1959;
Counts and Donsky, publication pending). A similar study in the
Brunswick area was started in 1959 (Callahan, 1959; Stewart, 1960;
Wait, 1962). Studies covering single counties or groups of counties
have been completed in a substantial part of the inner Coastal Plain
from Columbia, Richmond, and Burke Counties on the northeast
to Dougherty, Calhoun, and Clay Counties on the southwest. Completed reports include those on "east-central" Georgia Twiggs,
Wilkinson, and Washington Counties and southern Jones, Baldwin,
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and Hancock Counties (LaMoreaux, 1946) ; "central-east" Georgia
Columbia, Richmond, Burke, Jefferson, Glascock, Warren, and
McDuffie Counties (LeGrand and Furcron, 1956); "southwestern"
Georgia information on wells in 28 cities in 25 counties in the
southwest corner of the State with Quitman on the northwest, Dooly
on the northeast, and Lowndes on the southeast (Wait, 1960a); the
Macon area Cobb, Fulton, Gwinnett, De Kalb, Rockdale, Clayton,
and Douglas Counties (LeGrand, 1962b); and Calhoun County
(Wait, 1960b), Clay County (Wait, 1960c), Crisp County (Wait,
1958a) Dougherty County (Wait, 1958b), Mitchell County (Owen,
1961, 1962), and Lee and Sumter Counties (Owen, 1958, 1959; Owen,
publication pending). (See also Hendricks and Goodwin, 1952).
Similar studies have been completed in a group of nine Piedmont
Counties centering at Atlanta (Herrick and LeGrand, 1949; see
also Carter and Herrick, 1951). Studies have been completed in
Dade (Croft, 1959, 1962), Walker (Cressler, 196b), Catoosa (Cressler, 1962a), and Chattooga (Cressler, 1962c) Counties in the northwest corner of the State. Studies have been completed also in Bartow (Croft, publication pending) and Dawson (Sever, 1962a) Counties to the southeast. A special study relating to underground disposal of nuclear wastes is being made for the Atomic Energy Commission and the Air Force at Dawsonville in Dawson County
(Stewart, publication pending). A study of the Fort Benning area
involving Chattahoochee County, southern Muscogee County, and
parts of adjacent counties in Georgia and Alabama has been completed for the Army (Herrick and Thomson, 1958). A study of the
Warm Springs area in Meriwether County was completed some years
ago (Hewett and Crickmay, 1937).
In addition to the reports cited, brief reports on specific phases of
the studies have been published by the State or in scientific and
technical journals. The 50 reports published and the 17 in preparatipn as of 1960 are listed by Callahan (1960).
Callahan (idem, p. 9) points out that areal descriptive reports are
generally outmoded in 20 or 30 years and should be brought up to
date, or future ground-water development may suffer. On the other
hand, he points out that a report on any part of a province has
some "transfer value" for similar areas if enough is known about
those areas to reveal that they a/re similar. For example, the report
on Bartow County will be useful in hydrologically similar Floyd
County; the report on Mitchell County will be useful in Baker,
Worth, and Colquitt Counties; and the detailed work on movement
of water in crystalline rocks in Dawson County will have wide application in the Piedmont in Georgia and elsewhere.
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Callahan calls attention to the great value of test drilling in
ground-water studies, if the drilling is properly supervised so as
to yield a maximum of information kinds of rocks, water-bearing
zones, depth to water, chemical quality of water from different zones,
yield of wells, and potentialities for large-scale development. This
information is developed through collection and study of drill cuttings, water samples, electric and gamma-ray logs, and data from
carefully controlled pumping tests (aquifer tests). A State as large as
Georgia needs at least two electric and gamma-ray loggers on a fulltime basis, just to keep up with the opportunities for collecting
valuable data from newly drilled wells in critical locations.
PREPARATION FOB WATER MANAGEMENT

With proper management in a technical sense, tens of billions of
gallons of water per day could be used in Georgia, if allowance is
made for multiple reuse of water, even though some floodflows cannot be captured economically. For ground water in the Coastal Plain
of Georgia alone, the potential yield is a major fraction of the 24
bgd estimated by Callahan (publication pending) as the "safe yield"
of sedimentary aquifers in the Coastal Plain of the Southeast River
Basins.
No doubt practical considerations will prevent water use from ever
rising as high as would be technically feasible, but there is no question that the present use could be increased several fold. The State
is conscious both of the great potentialities and of the need to develop
suitable legal controls to promote full development while conserving
and protecting the supply for the indefinite future. Georgia's statutory water law is in an early stage of development. As of 1950
(McGuinness, 1951b, p. 19) there were laws empowering the State
Oil and Gas Commission to regulate drilling of oil and gas wells to
prevent both waste of these fuels and loss or contamination of
ground water, requiring the furnishing of records on and cuttings
from water wells to the Department of Mine's, Mining and Geology,
and giving the State Board of Health authority over location of
municipal supply wells and operation of wells used for waste disposal. Savannah city ordinances required permits for new water
wells, and there were restrictions on new industrial wells. Under
consideration were formation of a State pollution-control board and
legislation to prohibit waste of water from flowing wells. The only
statutes relating to the acquisition of the right to use water had the
effect of adopting the common-law doctrine of riparian rights for
surface water (Lancaster and Storey, 1955, p. 5). There were and
still are no statutes relating specifically to ground-water rights.
The 1955 General Assembly created the Georgia Water Law
Eevision Commission, which made its report to the 195Y Assembly.
A study by Lancaster and Storey (1955, p. 106) had stated, "Per-
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haps the most satisfactory plan for the solution or obviation of these
problems [conflicts over water use] will be in the adoption of some
form of the law of prior appropriation." The Commission recommended establishment of a permanent body, to be known as the
Georgia Water Resources Commission, to carry on its work and
especially to encourage the gathering of hydrologic data and to
recommend further legislation as needed. Though it called attention to the study by Lancaster and Storey, it did not recommend
specific legislation on water rights. It did recommend enactment
of a "Water Quality Control Act" creating the Georgia Water
Quality Council and giving additional powers to the State Board
of Health to control pollution of both surface and ground water.
Appropriate legislation was enacted to implement both recommendations.
Although the methods and legal authority for water management
in Georgia are not yet settled, it is apparent that the atmosphere
in the State is conducive to effective action at such time as specific
needs arise. It can be predicted with some confidence, therefore, that
Georgia will be among the States that will exploit their water
resources fully, profitably, yet prudently.
GUAM

Guam (Piper, 1947, p. 20-68; Ward, 1961a) is the southernmost
and largest of the Mariana Islands, about 13° north of the Equator
and about halfway between New Guinea and Japan. It is about
31 miles long from north to south and, with six small offshore
islands, has a total area of about 216 square miles. It represents the
top of a submarine ridge of rocks of volcanic origin and rises to a
maximum of 1,300 feet above sea level. The volcanic rocks are
flanked and veneered by coastal-plain sediments, mostly limestone
but including some volcanic-rock detritus. These sediments cap
benches on the volcanic upland and form a coastal plain no more
than half a mile wide around the east^ south, and west sides of the
volcanic upland. On the northeast they form a sizable plateau about
as large as the rest of the island, rising about 600 to 700 feet above
sea level. The higher of two hills of volcanic rock projecting through
the limestone rises to 840 feet above sea level.
The average rainfall exceeds 80 inches everywhere and in the
uplands may average more than 100 inches. According to the available data, the average for the island is about 87 inches (State Officials, 1960, p. 407). Tropical storms contribute to the high average;
most of their water runs off quickly, so that the island is not as
wet as the total might suggest. The average dry season is virtually
one of drought, and a dry season of less than normal rainfall can
be considered one of severe drought.
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The volcanic rocks of southern Guam are of intermediate (andesitic) composition, and like most rocks of this type they are not
very permeable. They absorb some water and pay it out to streams
and through seeps along the coast. Only in the largest drainage
basins are the streams perennial, and these decline to a trickle during
the dry season so that reservoirs must be built to obtain substantial
year-round supplies. Nevertheless, streams are the best sources of
water in southern Guam.
The limestone that fringes the coast of southern Guam is permeable but the part above sea level drains out quickly and that below
sea level contains saline water. The limestone that caps the benches
also is permeable and tends to drain out quickly, but in places the
benches on which it rests are flat enough that thin perennial bodies
of water can form. These bodies are too thin to tap by means of
wells, but they feed springs of highly variable flow, some of which
are developed for use. The largest is Almagosa Springs in the
west-central part of southern Guam, from which quantities ranging
from 0 to 2 mgd are diverted for Navy use.
The limestone of the plateau of northern Guam absorbs much
water from rainfall (more than 85 percent of it, according to the
available data), but it is so permeable that the water quickly escapes
to the sea or mixes with the underlying salt water; hence, the freshwater lens is thin, and the water may become brackish during long
dry spells. In places where the lens is thickest and is pumped at
moderate rates through wells or tunnels extending only a short distance below the water table, the quality has remained good.
All activities on Guam except some of the farming are related
to the operation of military bases. The water systems of the military installations supply the domestic needs of nearby communities.
The Public Utility Agency of Guam has begun to develop supplies for other communities to replace or supplement the small and
commonly inadequate supplies obtained locally from wells, springs,
or streams.
The largest water supply on the island is that developed by the
Navy at the Fena reservoir on the Talofofo River. Built in 1950,
the reservoir has a capacity of about 2 billion gallons and a reported
firm yield of 12 to 14 mgd. Along with Almagosa Springs, it supplies a large part of the water used in Nary and municipal systems
in southern and central Guam.
The Ylig River plant of the Public Utility Agency in 1958 supplied a total of about 134 million gallons of water to the villages
of Yona, Talofofo, Camp Witek, and Camp Dealey. The Agency
purchased about 960 million gallons from the Navy's Fena system
Rnd distributed it to other communities.
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Military and municipal needs in northern Guam are met in greatest
part by water from some of the 70 wells drilled by the armed forces
in 1911-15 and from two Maui-type wells, or basal-water tunnels
(p. 287), built by the Air Force in 1947. The Public Utility Agency
in 1958 pumped a total of about 10 million gallons from the ground
for the village of Yigo. The village of Dededo and surrounding area
was supplied from the wells of the Air Force, to the extent of 43
million gallons in 1958 and 47 million gallons in 1949.
In 1961 the total water use for the population of about 70,000
was about II mgd 7 mgd from the Fena reservoir of which about
half was used by the Navy and half was sold to the Public Utility
Agency, 3 mgd from wells and springs used for Anderson Air Force
Base at the north end of the island, and a total of about 1 mgd
from miscellaneous sources including wells used for the Naval Communications Center and the Harmon residential tract in the northcentral part of the island and small streams, springs, and dug wells
used for municipalities in the southern part of the island that are
not supplied from Navy systems.
Water demands on the whole are modest and are likely to remain
so, though they unquestionably will increase somewhat. Large use
of water for industrial purposes is unlikely, and the agricultural
demand is limited by the small amount of good soil. Future water
requirements will be met through a combination of ground-water
pumping in the northern plateau and reservoir construction and
spring development in the southern area. Additional ground-water
studies are needed in the northern plateau to determine where additional basal water can be withdrawn safely, and how much. Studies
of potential reservoir sites are needed in the southern area. A
stream-gaging program begun by the U.S. Geological Survey in
the early 1950's in cooperation with the Government of Guam is
providing a part of the information needed for development of
surface-water supplies. Records of streamflow give an idea of the
potentialities. Twelve streams measured during 1952-58 or 1953-58
ranged in average flow from the 32.4 mgd of the Talofofo River, the
largest stream, to 1.91 mgd in the Geus River. The average total flow
was about 127 mgd (State Officials, 1960, p. 408).
Sewage disposal is a problem. Sewers are needed to carry sanitary
wastes to the ocean. Local disposal of wastes has caused some
contamination of water supplies. For example, the water of Agana
Spring, one of the largest in the island, was not being used as of
1960 because it had been contaminated by the effluent from septic
tanks in a nearby village (idem, p. 408).
A substantial part of the water distributed in existing systems
is lost by leakage from old, temporary pipelines installed by the
military. Those are gradually being replaced by permanent mains,
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so that the same water supply is able to serve more people than
it could previously. The Public Utility Agency expects that most
of the leaky mains will be replaced by 1963. Additional mains will
have to be installed to supply areas not now served, or to provide
cross-connections which will improve service to areas now inadequately supplied at times.
HAWAII
Large but only partly measured water resources. Precipitation ranges from
6.5 to more than 450 inches. Median on largest islands ranges from 99 inches
on Kauai to 75 on Hawaii and Maui, 58 on Oahu, 42 on Molokai, and 21 on
Lanai; average in whole 6,435-square-mile State probably about 70 inches.
Runoff ranges from nearly zero in small basins on small, dry islands to known
high of 429 inches in one small basin on Maui. Average runoff substantial
but less than expected from high rainfall and steep slopes because of warm
climate and high evapotranspiration, and of large direct discharge of ground
water from permeable volcanic rocks into the sea in some areas. Current
problems are chiefly local shortages to meet demands, mainly in a few localities
on Oahu; on dry leeward slopes of Hawaii, Maui, and Molokai; and on all of
relatively dry Lanai and Niihau; Kahoolawe similar to Lanai and Niihau in
dryness but now uninhabited. Kauai generally well watered. Future problems
chiefly to determine rates at which aquifers can be pumped without inducing
salt-water encroachment and to locate satisfactory reservior sites for storing
surface water at moderate to high elevations where water table is deep. Supply
problems on largest five islands can be solved by tapping wet areas and
transporting water to areas of need, but not everywhere at low cost.

Hawaii is relatively uniform in geology and climate, though more
uniform in temperature than in rainfall. Geographically the State
is in the tropics, between 19° and 22° north latitude, but climatically it is subtropical because cool waters drifting southward from
the Bering Sea region keep the temperature about 10 °F lower than
that of other regions at the same latitude (Stearns, 1946, p. 3).
As described by Stearns (idem, p. 16), the islands of the Hawaiian
Archipelago geologically
are a chain of shield-shaped basaltic domes built over a fissure 1,600 miles long
in the ocean floor. This tectonic feature has existed probably since at least
Middle Tertiary * * * The lava now rises along tension cracks bounding
lozenge-shaped blocks strung out linearly from southeast to northwest. The
vents are spaced about 25 miles apart.

The domes rise from the sea floor at a depth of about 15,000 feet.
In the eight islands of Hawaii, the southeasternmost and most important part of the archipelago, they rise above present sea level to
altitudes ranging from as little as 1,280 feet in Niihau and 1,477 feet
in Kahoolawe to 10,025 feet in Maui and 13,784 feet in Hawaii.
Oahu, the most densely populated island and the site of Honolulu, rises
4,025 feet above sea level. Hawaii, the largest island, covers 4,030
square miles and Kahoolawe, the smallest, 45 square miles.
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The older volcanic domes have been extensively dissected by erosion, which has cut numerous rugged valleys extending deep into the
islands. The deepest valleys expose several thousand feet of lava
flows, and many are cut far enough headward to expose the dike
systems (p. 274) in the central parts of the domes. Kauai, Oahu,
eastern Molokai, western Maui, and the windward slope of Kohala
Volcano on Hawaii are the most deeply dissected. Western Molokai
and the northern and eastern slopes of eastern Maui and of Mauna
Kea on Hawaii are cut by many relatively small, shallow valleys.
The leeward slopes of eastern Maui and of Kohala Volcano and
Mauna Kea on Hawaii are only slightly dissected. The young volcanic domes of Mauna Loa, Kilauea, and Hualalai, which make up
a large part of the island of Hawaii, are almost untouched by
erosion.
The islands lie across the path of the moist northeast trade winds
and have the "orographic" rainfall pattern typical for islands of
substantial height in that belt, The trades are interrupted for
periods of a few days by "kona" winds from the south. Winds from
both directions, having traveled for long distances across warm seas,
arrive laden with moisture. As they rise over the mountains, they
are cooled and lose a part of their moisture as rain. As pointed out
by Stearns (1946, p. 3), the windward northeast sides of the islands
are usually wettest, commonly receiving 100 inches or more of rainfall annually. The precipitation is greatest between 2,000 and 6,000
feet above sea level and then falls off, so that the highest peaks are
semiarid. As the winds descend on the leeward slopes they become
drier and warmer (Mink, 1962), so that the leeward slopes become
progressively drier with distance from the summits; most leeward
coasts receive only 10 to 20 inches of rainfall per year.
The annual rainfall ranges from about 6.5 inches on the lee side
of the upper part of Mauna Kea in Hawaii to more than 450 inches
at the crest of Kauai (U.S. Dept. Interior, 1960b, p. 1). In one year
the crest of Kauai, at an altitude of 5,170 feet, received more than
600 inches (Stearns, 1946, p. 3). Thus the State of Hawaii has the
distinction of including the wettest areas in the United States, wetter
even than the northwest Pacific Coast of the conterminous States
and the southeast Coast Range of Alaska. On each of the five major
islands Hawaii, Maui, Molokai, Oahu, and Kauai the annual rainfall ranges from less than 18 inches to more than 250. On Lanai it
ranges from 10 inches to slightly less than 40 (U.S. Dept. Interior,
1960b, p. 1). Niihau and Kahoolawe, being both lower and smaller
than Lanai, are even drier, though rainfall records are sketchy.
Median values for precipitation at the weather stations on the
largest six islands, as furnished by the Hawaii Water Authority
(now succeeded by the Division of Water and Land Development,
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Hawaii Department of Land and Natural Resources) and cited by
the U.S. Department of the Interior (1960b, p. 3), are as follows, in
inches: Kauai, 99; Hawaii and Maui, 75; Oahu, 58; Molokai, 42;
and Lanai, 21. The relation between median and mean (average)
values is shown only for Kauai, where the mean for the whole island
is more than 100 inches. According to a table computed by J. F.
Voorhees, quoted in Stearns and Vaksvik (1935, p. 202), the mean
on Oa'hu for the period of record up to 1933 was about 68 inches.
The precipitation varies considerably from season to season and
year to year. Of the six islands for which median values are given
above, Kauai has the most dependable as well as the greatest precipitation ; Lanai has the least dependable as well as the smallest. The
heaviest rains, associated with kona storms, fall in startling amounts
38 inches in 24 hours on Kauai in 1956 and 2 inches in 5 minutes
near Kaneohe, Oahu, in 1957, for example. On the other hand, there
are more or less well defined wet and dry seasons in the islands, generally from November to April and May to October, respectively.
Sometimes the dry seasons are protracted and severe. At Hilo,
Hawaii, where the average annual rainfall is 140 inches, some months
have had less than an inch. The most severe drought on record came
in 1953-54, when for 17 consecutive months it did not rain at
Kawaihae Bay on the island of Hawaii (U.S. Dept. Interior, 1960b,
p. 3).
Runoff is highly variable from place to place and time to time.
The older, more dissected volcanic domes have steep slopes and have
had time for formation of soil which is generally less permeable
than the underlying rocks. Thus, in spite of a heavy cover of vegetation, a large part of the rainfall runs off. Kauai is the best
example; because of its high average rainfall and the extensive soil
cover, it has abundant runoff and a generally ample surface-water
supply.
The younger domes are slightly dissected and have relatively
gentle slopes and little soil. Hence, a large part of even heavy rainfall sinks into the ground and descends to the water table. Only
along a quarter of the total coastline of the island of Hawaii do
perennial streams reach the sea.
Data on runoff are incomplete. They are most abundant for Kauai
and Oahu. Data tabulated by the U.S. Department of the Interior
(1960b, p. 5-6) for representative small drainage basins (all 6.2
square miles or less) for the period 1945-54 show the following: 4
streams on Kaui, runoff 62, 65, 101, and 117 inches; 3 streams on
Oahu, 8.65, 56, and 74 inches; 1 stream on Molokai, 106 inches; 2
streams on Maui, 135 and 429 inches; 1 stream on Hawaii, 304 inches.
"Flow-duration" curves for 6 of the 11 streams show rather well
sustained flows in all but Moanalua Stream near Honolulu, which
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fell below 0.01 inch of runoff per month about one-third of the time.
'Of the other 5,1 had at least O.T inch per month 99.99 percent of the
time and the other 4 had 1.2 to a little more than 3 inches per month
99.99 percent of the time. The few examples cited show the great
range in total runoff. They show also the variability resulting from
variations from place to place and from time to time in precipitation, and from variations in slope and in the permeability of soils
and rocks in the different drainage basins.
Basaltic lava flows make up the bulk of the islands and are the
most important almost the sole aquifers. The parts of the islands
above sea level contain less than half a percent of explosive debris
thin beds of volcanic ash between lava flows, and cones of coarser
material known as "tuff," or "cinders," and '"breccia" (Stearns, 1946,
p. 16). The coarser fraction of the explosive material is permeable,
where unweathered, but the ash and weathered material are tight.
Ordinary sedimentary rocks are scarce chiefly alluvium in scattered
areas in valleys at all elevations, beach deposits, and some sand, clay,
and limestone that cap lava rocks in coastal valleys and in generally
narrow coastal plains.
Most of the volcanic rocks are thin flows of basalt of two types
"aa" (clinkery) and "pahoehoe" (ropy). Openings within or between
the flows give the rocks a generally high permeability. In a few
areas the flows are thick and of low permeability.
The lava rocks contain the same kind of openings as those in the
basalt of the Columbia Plateaus province on the mainland. Stearns
and Macdonald (1946, p. 224) list the types of openings, in order
of productivity, as follows: interstitial spaces in clinkery lava at the
tops of aa flows, cavities between adjacent lava beds, shrinkage
cracks, lava tubes (tunnels), gas vesicles (bubble holes), fissures
resulting from faulting and cracking after the rocks have cooled,
and holes left by the burning of trees overwhelmed by the lava. This
listing applies to the island of Hawaii but would be generally
representative of the rest of the islands.
In the vicinity of eruptive centers, which are the highest parts of
the younger islands but may occupy either high or low areas in the
older, more thoroughly dissected islands, the permeable volcanic
rocks are broken into compartments by vertical "dikes" the solidified, dense, relatively impermeable rock filling the fissures along
which the molten lava rose to the surface. In some places the dikes
are so closely spaced that the rock as a whole has a low permeability;
in others they are far enough apart that the compartments of
permeable rock surrounded by them are sizable.
The presence or absence of dikes marks the division of ground
water into two principal types basal and high-level. On the slopes
and in the lowlands, where dikes are few or absent, the lava is
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generally permeable. The central parts of individual flows may be
tight, but numerous outcropping permeable zones provide so many
entrances for water that the effect is one of general permeability.
In this permeable rock, which in places extends thousands of feet
below sea level, water from rainfall and streamflow descends to the
main water table and forms a great "lens" of fresh water floating on
sea water. This is "basal ground water." It occurs in places under
all the islands, and the maximum thickness of the lens and its
thickness at any given place depend on how much water can reach
the water table and how freely the water can escape at the edges
of the island in other words, on how thick and high the fresh-water
body must build up so that the lateral outflow is equal to the inflow
from above (Visher, 1960).
The height of the basal water table above sea level at any given
place is an index of the thickness of the fresh-water lens at that
place. When a body of fresh water floats on (or, more accurately, in)
a body of salt water, the principle is that of the U-tube. The weights
of the columns of fresh and salt water are equal and the columns
balance, but the lighter fresh water forms a longer column whose
top stands above the top of the salt-water column. The difference
in the total length of the two columns is proportional to the difference in density of the two kinds of water. Sea water averages about
one-fortieth heavier than fresh water; therefore the column of fresh
water must be about one-fortieth longer than that of sea water. At
the edge of a permeable island the top of the "column" of salt water
is at sea level; therefore, the fresh-water "column" being one-fortieth
longer, fresh water will stand about 1 foot above sea level for every
40 feet of fresh water below sea level. The principle of the U-tube
goes back to Archimedes, but according to Brown (1925, p. 16) it
was first applied to coastal ground water by the Dutch engineer W.
Badon Ghyben in 1887, and independently by the German engineer
Alexander Herzberg about 1900. C. W. Carlston (1962) of the U.S.
Geological Survey has recently discovered a paper by Joseph du
Commun, a teacher of French at West Point, which shows clearly
that Du Commun recognized the principle as applied to coastal
ground water decades before Badon Ghyben and Herzberg did; his
paper was published in the American Journal of Science in 1828.
The lower boundary of the fresh-water lens is not a sharp line
but a "zone of diffusion." Thus the lowermost several tens or hundreds of feet of a thick lens may consist of water which hydraulically
behaves more or less as part of the lens but which is too saline for
most uses. When rainfall is low and the lens is thin, the whole lens
may be within the zone of diffusion; that is, all the water is rather
saline, as on Kahoolawe.
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The principle applies to basal ground water whether unconfined
or confined. Thus, where confining beds overlap the lava rocks as
they do, for example, in the Honolulu-Pearl Harbor area on Oahu,
artesian water overflows in springs at the inland edge of the confining beds or rises in pumped or flowing wells within the confined area.
The restraining effect of the coastal-plain sediments on outflow from
the volcanic rocks tends to keep the head high and the fresh-water
lens thick even near the coast. Where such sediments are absent the
fresh-water lens tends to be thin near the coast even though a large
amount of fresh water may pass through it.
Basal ground water occurs in the sedimentary as well as the volcanic rocks, but generally in small amounts. The sedimentary
deposits near the coast commonly contain saline water because of
low permeability and incomplete flushing, or conversely because of
high permeability and ready entrance of sea water. Some of the
beds of coralline limestone in the coastal-plain deposits of southern
Oahu are permeable and are tapped by wells used for cooling and
irrigation.
Obviously, the basal water is subject to salt-water encroachment
from the sea or below whenever and wherever the fresh-water head is
lowered so that a landward gradient is established from the sea or so
that salt water "cones up" from below. Where the rock is permeable
at the edge of the sea, the tides produce a twice-daily cycle of advance
and retreat of the salt-water front. (See Glover, 1959; Cooper,
1959.)
High-level ground water occurs where "complexes" of intersecting
dikes form compartments into which water from rainfall or streamflow can enter freely from above but from which water must overflow, or leak through the poorly permeable dike rock, into the next
compartment alongside or below, and so finally reach the basal
water body. In some places water from dike compartments emerges
through springs in valleys cut into the compartments, and flows
downstream until it can enter another compartment or sink to the
basal water table in the area beyond the dike complex.
Because the lava rocks where uninterrupted by dikes are so
permeable that water can escape readily to the sea, the head of the
basal water body rarely builds up to more than a few tens of feet
above sea level. Where the land surface is high, as in some lava
plateaus, the depth to water may be great and may discourage
drilling. The presence of high-level water in so many places in the
Islands therefore is a great boon, as it makes water available to
areas of use by gravity flow or low-lift pumping. On the other hand,
the perennial yield of each compartment is limited by its rate of
inflow from the land surface and from adjacent compartments, and
must be considered when the compartment is tapped for water supply
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if it is near enough to the surface to be tapped economically at all.
Also, it is not necessarily easy to determine the presence of high-level
water, though in places springs issuing at high levels are a giveaway.
Test drilling, geophysical prospecting, and "wildcat" drilling or tunneling are other techniques.
High-level water can be either perched or semiperched. Most of
it in the "dike complexes" is semiperched; it is held above the
"normal" level of the basal water table, but there is a continuous
zone of saturation below the water table of each compartment. True
perched water exists in places, supported within the zone of aeration
by the following materials, listed in order of their importance on the
island of Hawaii (Stearns and Macdonald, 1946, p. 226) : intrusive
rocks (dikes or sills), beds of volcanic ash, dense lava flows, soil,
alluvium, and, in the highest parts of Mauna Loa and perhaps Mauna
Kea, even ice. Perching materials, except ice, on other islands would
be similar. The perched water is mainly in lava rocks, but locally
the alluvium that does the perching contains a few beds or lenses of
sand or gravel that will yield a little water.
GROUND-WATER RESOURCES AND DEVELOPMENT

Hawaii has large resources of both surface and ground water and
makes extensive use of them for irrigation, municipal, and industrial
water supplies. The use as of 1957, in million gallons per day, is
shown below as adapted from data quoted by the U.S. Department of
the Interior (1960b, p. 8) from a report of the Hawaii Water
Authority (use of water on Niihau and Kahoolawe negligible in
comparison to that on other islands) :
Surface water..-------------.

Kauai
462

Oahu
78

Maui
354

Lanai Molokai Hawaii Total
....
1.1
229 1,124

Ground water:
Basal. ___---.__--_-----Other (mainly high-level) __
Unidentified _________________

40
1. 9
.4

408
50
-___

263
1. 3
_-__

._-_
1.8
____

1.8
()
(b)

23
4. 3
____

736
59
____,

Total--..-----.------.-- 504

536

618

2

3

256

1,919

» About 8,000 gpd.
b Less than 3,000 gpd.

Ground water furnishes about two-fifths of the total water supply in the State, including most of the domestic water. Ground
water is an important source of irrigation water on Oahu and Maui
and is growing in importance elsewhere. Irrigation, mainly on Maui,
Kauai, and Oahu, is the largest single use of water in the State,
accounting for about three-fourths of the total 195Y demand of
about 701,140 million gallons as quoted by the U.S. Department of
the Interior (1960b, p. 8), or 1,430 of a total of 1,919 mgd. Irrigation takes second place to industrial use on Hawaii, however.
671316 0 63

19
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Data compiled by the Geological Survey for 1960 suggest that
ground-water use is somewhat less than would be indicated by the
figures of the Hawaii Water Authority a range of 470 to 620
mgd and an average of 550 mgd in 1950-60. The 1960 use was about
580 mgd of fresh ground water, of which about two-thirds was
used for irrigation, plus about 21 mgd of saline water used for
industrial cooling. The total withdrawal use of fresh water in the
State in 1960 was about 1.2 bgd, plus about 110 mgd of water
diverted for irrigation and lost by seepage or evaporation (conveyance losses) before the water was delivered to the fields. In
addition, about 260 mgd of saline surface water was used, all but
0.1 mgd for public-utility fuel-electric power generation; and about
21 mgd of saline ground water, used for both power generation
and other industrial purposes (MacKichan and Kammerer, 1961b).
Pumping for irrigation fluctuates with the rainfall and shows
no particular trend. There are, however, local variations in the
pattern of pumping caused by changes in land use. Some areas
irrigated with basal ground water could use more water but cannot
obtain it because of the danger of salt-water encroachment. Increasing municipal demands, though small in proportion to the total
pumpage, have been sufficient to necessitate a search for ground
water in areas heretofore unexplored, and when the search is unsuccessful to necessitate importation of water from the nearest area
of surplus.
The largest four islands the one truly large island, Hawaii;
and three of roughly similar size, Maui, Oahu, and Kauai all have
abundant ground-water supplies at least in some areas. The water
supplies of these islands are especially impressive in view of the
fact that Hawaii is the fourth smallest State in the Union, and
all the islands except Hawaii are smaller than the smallest of the
conterminous States. Molokai has a much smaller though still substantial supply. Lanai, Niihau, and Kahoolawe have relatively little
water. Stearns (1940b, p. 72, 85) estimates total ground-water
recharge on Lanai at roughly 21 mgd, of which only a small part
can be recovered; the use in 1957 was only about 25000 acre-feet,
or about 1.8 mgd. He describes (1947, p. 37) the supply of recoverable ground water of usable quality in Niihau as only a matter
of thousands of gallons per day. On Kahoolawe there are no streams;
the ground water of best quality, and that only in one small, rather
inaccessible area, is fit only for stock, and there is not much of
it (Stearns, 1940b, p. 119).
The ground-water resources and current situation in the different
islands are described briefly in the following sections, in alphabetical order. Excellent basic descriptions are found in a series of
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bulletins prepared by the U.S. Geological Survey (on Kauai, with
the assistance of Doak C. Cox, Hawaiian Sugar Planters' Association) and published by the Hawaii Division of Hydrography. For
convenience these are listed below; complete citations are found
in "References cited."
Hawaii Div. Hydrography Bull. No.

l__-_-----__._
2_____________
3_____________
4_____________
5..___________
6_----_---_-__
7_------__-___
8_--_-_-__-___
9-------_---_10. ___________
ll___--__-____
12____________
13___-_-___-_-

Area or subject

Oahu (geology and ground
water).
Oahu (geologic map and
guide).
Oahu
(annotated bibliography).
Oahu (records of drilled
wells).
Oahu (supplement on geology and ground water).
Lanai and Kahoolawe--.---Maui____----___-__---_--_
Hawaiian Islands (geology)-Hawaii (island).___________
Hawaii (island; annotated
bibliography).
Molokai-_____----_-------Niihau..-._-.-------.----Kauai__-_-----_-------_--_

Author(s) and year

Stearns and Vaksvik, 1935.
Stearns, 1939.
Stearns, Norah D., 1935.
Stearns and Vaksvik, 1938.
Stearns, 1940a.
Stearns, 1940b.
Stearns and Macdonald, 1942.
Stearns, 1946.
Stearns and Macdonald, 1946.
Macdonald, 1947.
Stearns and Macdonald, 1947.
Stearns, 1947.
Macdonald, Davis, and Cox,
1960.

HAWAII

Hawaii (Stearns and Macdonald, 1946; Macdonald, 1947), the
southeasternmost island of Hawaii, is made of five volcanoes whose
rocks have coalesced to form the largest island of the group (4,030
square miles). Kohala Volcano at the north end of the island is
extinct, and on its rainy northeast side it is dissected by the deep,
narrow valleys of many perennial streams. Mauna Kea, in the
north-central part of the island, also is an extinct volcano, and
many streams flow down its northeastern slope into the sea along
the Hamakua Coast. Its 13,784-foot summit and its leeward slopes
are dry. Mauna Loa, 13,680 feet, just southwest of the center of
the island, and Kilauea, 4,090 feet, in the southeastern part, are
active volcanoes whose surfaces are so young and unweathered that
they absorb rainfall readily and have only a few ephemeral streams
even on their rainy eastern slopes. Hualalai, 8,251 feet, at the westcentral edge of the island, is a quiescent volcano; it lies in the rain
shadow of Mauna Kea and Mauna Loa, is relatively dry, and has
no streams.
Sugar is grown on the northern slopes of Kohala Volcano, in a
continuous band along the Hamakua Coast from Waipio Valley to
Hilo, on the lower southeastern slope of Kilauea south of Hilo,
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and in the Pahala area on the southeastern slope of Mauna Loa.
The sugarcane is mostly unirrigated; the only irrigated tracts are
on the lower slopes of Kohala Volcano, watered by a ditch fed by
mountain streams and wells that tap basal water. Large quantities
of water are used on sugar plantations for transporting sugarcane
in flumes and for milling the cane.
Ranching is second to sugar among the island's agricultural activities, and beef cattle are grazed in large areas of grass in the drier
parts of the island. Garden truck is grown mainly on the Waimea
plain between Kohala and Mauna Kea Volcanoes, and coffee is
grown in a considerable area in the Kona district on the southwest
side of the island. Tourist traffic is heavy all over the island, but
most of the resort hotels are in the Hilo and Kona areas.
The total pumpage of ground water on the island ranges from
30 to 40 mgd according to weather. In 1957 it was about 27 of a
total of 253 mgd of water used on the island.
HILO AREA

It is predicted that Hilo, 20 miles northwest of the east tip of
Hawaii, will become a prominent manufacturing and commercial
center as well as a haven for tourists. Such an expansion would
require an increased water supply, necessitating further development
of the present surface-water supply or pumping of basal ground
water. Basal water appears to be abundant in the area, but Ehe freshwater lens may be irregular in thickness and in the quality of the
water. Exploratory drilling and aquifer tests will be needed to guide
any large-scale development.
PUNA AREA

The Puna area, taking in the east tip of the island south of the
Hilo area, northeast of Kilauea Volcano, has many attractions for
tourists and also is a site of increasing cultivation of fruit and
flowers. Water is scarce locally, but large supplies of basal water
are available in the part of the area north of the east rift zone
of Kilauea Volcano. Little is known of the occurrence of ground
water south of the rift zone, or of the possible effects of recent
volcanism on quality and temperature of the ground water anywhere in the area.
KONA AREA

The Kona area is on the western slopes of Mauna Loa and Hualalai Volcanoes. The coastal strip is dry but is becoming increasingly
popular as a tourist and residential center. Coffee is grown in the
wetter strip at intermediate elevations, and this activity supports
the bulk of the population, most of whom live along the main
highway.

HAWAII

281

The Kona Coast has a long history of water shortages, but the
situation is improving as a result of the efforts of the Hawaii Division of Water and Land Development. There are no perennial
streams. Along the coast the basal water is saline, and beneath the
slopes it is too deep to be tapped except at high cost. Until recently,
and even now in parts of the area, water is caught on rooftops or
specially constructed catchment areas and stored in tanks. A few
wells and a pipeline constructed by the Division of Water and Land
Development now supply several hundred thousand gallons per day
to the Kailua-Keauhou area. This system makes use of the best
source for a dependable supply basal water pumped from deep
wells located far enough inland to be safe from salt-water encroachment.
KIHOLO-KAWAIHAE AREA

The Kiholo-Kawaihae area, on the northwest coast between Hualalai and Kohala Volcanoes, is another dry area; as stated previously
(p. 273), there was no rain at all at Kawaihae Bay for 17 consecutive months in 1953-54. There are no perennial streams, and the
ground water beneath the coastal lowlands is saline. The only present
activity is ranching, but plans have been announced for an extensive
resort development near the shore. Obtaining large supplies of
water will be difficult. Test holes to basal ground water suggest that
water of good quality may be available only from wells so far inland
that the depth to water would be nearly 1,000 feet. Some surface
water is imported from the wet Kohala Volcano area and more
might be imported, but the surface supply is not unlimited and its
distribution should be planned carefully. Perhaps the amount that
would have to be imported could be held down by mixing the water
with ground water of marginal quality from wells not far inland.
The Waimea plain, off the northeast end of the Kiholo-Kawaihae
area, lies at the foot of the southern slope of Kohala Volcano. A
part of the drier land in the area is irrigated with water from streams
flowing off the mountain into a distribution system built and operated by the Division of Water and Land Development. Truck
farms in the wetter part of the area use water from the domesticsupply system for supplemental irrigation. Some stream water
from the mountain is exported to the Kiholo-Kawaihae area in the
domestic-supply system. Competition for the existing supplies will
increase if proposed resort facilities are built in the Kiholo-Kawaihae
area.
KOHALA AREA

A considerable amount of water goes to sea in streams flowing off
the wet northeastern slope of Kohala Volcano. A part of the water
represents the overflow of high-level ground water from dike compartments. The high-level water possibly could be developed by
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means of properly located tunnels penetrating the compartments,
but careful study would be necessary to ascertain the feasibility of
such developments. As water demands in the dry areas to the south
and west increase, such studies probably will be urdertaken.
AREAS OF ACTIVE VOI.CANISM

Recurring volcanic activity in the Puna area must have substantial
effects on the basal ground water, though little or nothing is known
of them. These effects and those of future activity will have to be
studied and taken into account in planning water- developments in
the area. The effects of long-past volcanic activity may be lingering
in the basal aquifers along the south, southwest, and west coasts of
Hawaii, and there too these effects will have to be taken into account.
For many years the volcanic heat of the island of Hawaii has
been an object of interest as a possible source of power. Recently
interest was aroused by the 1960 eruption in the Puna area, but test
drilling located no confined steam.
EAHOOLAWE

Kahoolawe (Stearns, 1940b, p. 119-173) is the smallest of the
eight Hawaiian Islands. It is an extinct shield-shaped volcano whose
area above sea level is only 45 square miles. Its maximum elevation
is 1,477 feet above sea level. It lies southwest of and in the rain
shadow of Maui, is the driest of the islands, and has no perennial
streams. It was once used for the grazing of livestock, but since
1940 it has been uninhabited and has been used as a bombing and
gunnery range by the military forces. All wells dug on the island
have yielded water too saline even for stock, except in a small and
rather inaccessible area at the south side of Kanapou Bay (idem,
p. 119).
A resistivity study on the north slope showed that the water table
was 1.5 feet or less above sea level as far as 2% miles inland. At
the highest 2 of 4 stations, at elevations of 900 and 930 feet above
sea level, the water may be confined by dikes and probably is low
enough in salinity for stock (idem, p. 132), but wells would be
expensive. If wells are drilled, they should be located as far inland
as possible and should not extend more than about 10 feet below
the water table. The low elevation of the water table even at the
highest point indicated by the resistivity survey would indicate a
fresh-water lens no more than 60 feet thick, and the actual thickness
of usable water may be much less because of the presence of the
zone of diffusion.
Obviously, Kahoolawe can be written off so far as large supplies
of fresh water are concerned, and it is likely that not even moderate
supplies are available.
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KAUAI

Kauai (Macdonald and others, 1960) is one of the oldest and
structurally is the most complex of the islands of Hawaii. Its area
is 555 square miles and its maximum elevation, 5,170 feet. It is
built in large part of lava flows of lower permeability than those of
the younger islands, and it is deeply dissected and weathered. It
has the highest average rainfall of all the islands, more thun 100
inches. The combination of high rainfall, low permeability, and dissection leads to a dominance of surface water over ground water,
which is a secondary source of supply. The pumpage of ground
water averages about 40 mgd. In 1957 it was about 41 of a total of
497 mgd of water withdrawn on the island. The principal industry
is the raising and processing of sugarcane, and most of the water
used on the island (about six-sevenths in 1957) is used to irrigate
the cane. Raising of pineapple is the second industry, but no water
is used for irrigation. The tourist trade requires relatively small
amounts of water compared to the growing of sugarcane, but its
growth is burdening some of the public-supply systems on the island.
MANA-WAIMEA AREA

Artesian basal water in basalt beneath the dry Mana plain at the
west end of Kauai has long been used for irrigation. Numerous
drilled wells that have been abandoned are now lost and are probably
leaking artesian water into the permeable members of the confining
beds. There is serious sea-water encroachment locally. The area is
occupied largely by a single sugar plantation, which pumps 20 to
30 mgd from the basal aquifer. A detailed study of the ground-water
hydrology of the area is needed as a basis for attempts to redevelop
the supply so as to obtain the maximum quantity that can be pumped
safely.
WAIMEA-HANAPEPE AREA

The Waimea-Hanapepe area to the southeast, on the southwest
side of the island, lies in the Makaweli depression, a fault trough, or
graben, occupied in part by thick-bedded lava flows. The rocks near
the shore are of generally low permeability and the ground water
tends to be saline. Farther inland the conditions are more promising,
but the available information is not adequate to indicate the potentialities of the supply and the best sites for wells. There is need for
ground water to supplement the surface water used for irrigation
and to meet increasing demands for municipal water.
HANAPEPE-KOLOA AREA

The Hanapepe-Koloa area to the east, on the south-southeast side
of the island, is an area of complex geology in which the rocks are
mostly of low permeability but locally appear to be highly productive. Detailed ground-water exploration and test drilling would be
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needed to outline all the productive localities and aquifers. A few
wells drilled recently in the area have improved the public-supply
systems, which have suffered chronic shortages of water in the past.
Ground water, if available at reasonable cost, would be valuable in
supplementing the surface water used to irrigate sugarcane.
LIHTJE-ANAHOLA AREA

The Lihue-Anahola area covers a large part of the eastern slope.
Most of the available land is planted to sugarcane and pineapples,
and the area is crossed by complex ditch systems carrying water
from mountain streams to irrigate the cane. Ground-water conditions are poorly known except in the vicinity of a few wells and
tunnels used for municipal water supplies and at the sites of exploratory wells drilled by the Division of Water and Land Development
at Lihue and Nonou. Prospecting for new supplies will increase
as building of homes and resort hotels continues its present rapid
pace. Large areas of pineapple land are being abandoned because
of low profits. The lands may lie idle or may be used for pasture
or planted to sugarcane. If they are planted to cane the total water
demand may outrun presently developed supplies.
ANAHOLA-KILAUEA AREA

The Anahola-Kilauea area at the northeast corner of the island is
an area of small surface-water supplies and unexplored but probably
small ground-water supplies. More water is reported to be needed
for sugarcane in the western part of the area, and a similar need will
arise in the eastern part if fields now being abandoned for pineapple
growing are converted to sugarcane. An exploratory well drilled in
the Hanalei Valley by the Division of Water and Land Development shows that the ground-water supply is probably adequate to
meet the foreseeable demands, but further drilling will be needed
to locate all the best sites for wells.
KALIHIWAI-HAENA ABEA

In the Kalihiwai-Haena area on the north-central coast the land
is used mainly for pasture. Existing municipal supplies take care
of the present small communities, but projected tourist facilities will
increase the need for public water. The ground-water supply is
probably adequate to meet the foreseeable demands, but exploratory
drilling will be needed to locate the best sites for wells.
The mountain area is surrounded by the areas described previously
except on the northwest, or Napali Coast, which itself is rugged and
is considered a part of the mountain area. Water use _ is negligible,
the area serving mainly as a source of the water used on the lower
slopes. High-level ground water apparently contributes substantially
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to streamflow, which generally is rather well sustained, but so far
as is known few of the high-level bodies of ground water are situated
so that they could be developed economically by means of tunnels
or wells. The possibilities need to be evaluated as a basis for future
municipal and possibly irrigation development.
LANAI

Lanai (Stearns, 1940b, p. 1-115) is a small, moderately low, dissected volcanic dome south and west of and partly in the rain shadow
of Molokai and Maui. It has an area of 141 square miles and a
maximum elevation of 3,370 feet above sea level. The rainfall ranges
from less than 10 inches along the coast to about 38 inches at the
summit (idem, p. 64); the median value at existing stations is 21
inches. There are no perennial streams, and ground water is the
only source of supply. About 3 mgd was pumped in 1960, about
four-fifths of which was used for dry-weather irrigation of several
thousand acres of pineapple, the principal crop. The water comes
mostly from high-level bodies confined by dikes or faults. Additional
water would be useful, and the one company that grows the pineapple is making a study to determine how best to develop and manage
the small ground-water supply.
MAUI
Maui (Stearns and Macdonald, 1942) is the second largest island
of Hawaii, at 728 square miles a little less than one-fifth as large as
the island of Hawaii. It consists of two dissected volcanoes joined
by a broad, low isthmus. The eastern volcano, Haleakala, rises
10,025 feet; Puu Kukui, the summit of West Maui Volcano, is much
lower, 5,788 feet. The northeastern and eastern slopes of the mountains are wet; the southwestern slope of Haleakala is dry and lacks
perennial streams. The southwestern slope of West Maui is wetter
because the summit is lower and both receives more rainfall than
the higher summit of Haleakala and has less of a rain-shadow
effect on the leeward slope.
The median rainfall on Maui is 75 inches, the same as that on
Hawaii. The permeable, only slightly dissected slopes of Haleakala
absorb most of the rainfall and transmit it to the basal water body
or to high-level bodies which themselves lose most of their overflow
to basal water. The low flow of streams on East Maui is equivalent
to only 3.4 percent of the rainfall (idem, p. 43); thus a great deal
of ground water discharges directly to the sea 700 mgd according
to Stearns and Macdonald (p. 8). West Maui is deeply dissected
by valleys extending radially from the summit; these valleys cut
deep into the high-level ground-water reservoirs and the low flow
in their streams amounts to about 13 percent of the rainfall on
their drainage areas. About 100 mgd of basal water discharges directly into the sea (idem, p. 8).
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Ditches and tunnels carry water many miles from streams on
the north slope of East Maui to sugarcane fields on the isthmus,
which is dry. The southwestern slope of East Maui is used mainly
for pasturing beef cattle. Truck farms and pineapple fields cover
substantial areas at intermediate elevations on the northwestern
slope. The rainfall there is generally adequate for crop growth, but
truck farms occasionally need water for supplemental irrigation.
The flow of most of the streams of West Maui is diverted to
sugarcane fields on the dry west side or on the isthmus. Pineapple
is grown on the northwest side. About 200 to 250 mgd, the bulk
of the ground water pumped on the island, is pumped from wells
on the isthmus and and on the southwest side of West Maui and is
used for irrigation and municipal supply.
The total pumpage of ground water in 1957 was about 287 mgd,
of a total of 637 mgd of water used on the island.
LEEWARD WEST MAUI

The south and west sides of West Maui are dry. Water for irrigating sugarcane is diverted from streams flowing from the wet summit
area or pumped from wells that tap1 basal water near the coast. The
pumpage of ground water is 30 to 50 mgd. The salinity of most of
the ground water is somewhat high for municipal supplies, though
satisfactory for irrigation. Plans for hotels and other tourist facilities will raise water demands beyond the capacity of existing public
supplies. The situation will necessitate prospecting for dependable
high-level supplies up the slope to the east, or importation of basal
water from wells on the wetter northern slope of West Maui.
MAUI ISTHMUS

The Maui isthmus is a low, relatively flat area which is only a
little more than 100 feet above sea level at the lowest part of the
"saddle" between the bays on the north and south. It is underlain
by permeable basalt, derived largely from Haleakala Volcano in
East Maui, in which basal watep stands 5 to 10 feet above sea
level. The water is recharged in part by rainfall on the isthmus
and on the adjoining slopes, and in part by seepage of irrigation
water applied to the extensive sugarcane fields. The pumpage of
ground water is 150 to 200 mgd, and the flow of ditches bringing
water from streams on the north side of East-Maui averages nearly
200 mgd. The ditchwater is used for irrigation; at times of surplus
the water is diverted to leaky reservoirs with the intention of
recharging the basal water. The benefits of this recharge and the
overall capacity of the basal-water body to store surface water are
not known, but the practice undoubtedly increases the total recharge.
The demand for irrigation water will not diminish and may well
increase.
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Existing municipal supplies doubtless would be inadequate to
meet the demands of the increasing population and the additional
demands for proposed tourist resorts in the dry Kihei area at the
southeast corner of the isthmus. The ability of the ground-water
reservoir to meet the larger demands of the future therefore needs
to be evaluated.
The Maui-type well, used in appropriate geologic situations
throughout Hawaii, originated in 1900 in the Kihei area (Stearns
and Macdonald, 1942, p. 126). It consists of a vertical or inclined
tunnel dug to the basal water table, from which infiltration tunnels
are dug outward along the water table to skim off the fresh water.
KULA AEEA

The Kula area lies 2,000 to 3,000 feet above sea level on the dry
southwestern slope of East Maui. It is a truck-farming district
that is chronically short of water. There are no perennial streams,
and ground water probably lies at depths too great for economical
development. Some water is imported from the windward slope in
the Kula pipeline. Importation of additional water from wetter
areas may be the answer to the area's problems, but the cost will be
substantial. Only extensive geophysical prospecting and test drilling
would show whether there is any chance of tapping high-level water
at a reasonable depth in or upslope from the area.
WINDWARD EAST MATJI

Ditches and tunnels on the rugged north side of East Maui divert
a large part of the flow in the reaches of streams more than 900
feet above sea level. The water is transported to the isthmus by
gravity. A large quantity of water enters the streams below 900
feet and now runs to waste. Some of this water represents the overflow of high-level aquifers, and there has been some study of the
possibility of tapping this water at reasonable depth and pumping
the water into the ditches. One exploratory well was unsuccessful,
but increasing demand for water on the isthmus may lead to a
renewal of interest in the high-level water, as well as in the possibility of diverting water from streams below the 900-foot level.
MOLOKAI

Molokai (Stearns and Macdonald, 1947) is the fifth largest island
of Hawaii, 260 square miles. It was built by basaltic eruptions from
two centers. East Molokai rises to 4,970 feet and is built largely
of basaltic lava flows. West Molokai rises only 1,380 feet; it is
built of basaltic lavas erupted along southwestward- and northwestward-trending rift zones. The unusually high fluidity of the lavas
helps explain the gentle slopes and low maximum elevation.
East Molokai rises high enough to catch substantial rainfall on
the north slope. The.runoff has cut deep canyons in the slope, in
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which, perennial streams flow northward into the sea. The east
and south slopes have numerous radial streams, which flow in relatively shallow valleys and are ephemeral or intermittent. The central and western parts of the island also are relatively dry; the
valleys are shallow and all the streams are ephemeral.
Growing pineapple and raising beef cattle are the principal activities on Molokai. The population is small and the tourist business
is negligible. The total pumpage of ground water is 1 to 2 mgd.
It was about 1.8 mgd in 1957; the use of surface water in that
year was about 1.1 mgd. According to the U.S. Department of the
Interior (1960b, p. 9), the need for improved water supply is greater
on Molokai than on any of the other islands.
CENTRAL AND WESTERN MOLOKAI

Interior central Molokai is underlain at depths of 800 to 1,000
feet by fresh basal water standing a few feet above sea level. The
south coastal area of central Molokai and all of western Molokai
are underlain in most places by basal water which is brackish.
Large areas are planted in pineapple. This crop generally is not
irrigated, but experiments have shown that supplemental irrigation
in dry weather is valuable. One plantation in central Molokai has
drilled 2 or 3 wells and pumps basal water from a depth of about
1,000 feet to selected fields. If more water were available at reasonable cost, supplemental irrigation doubtless would be practiced
widely. There are also areas that would be suitable for truck farming if additional water could be provided.
A tunnel 5 miles long is being built by the Division of Water
and Land Development to tap surface water in windward East
Molokai. The intake is in Waikolu Stream, the westernmost large
stream on the north slope. Storage facilities in central Molokai
will permit diversion of the total flow of Waikolu Stream, and additional water will be obtained from wells drilled into dike compartments in the Waikolu Valley and in the tunnel. Further prospecting
would be warranted to determine the possibility of diverting additional stream water or tapping high-level water in East Molokai.
The extent of fresh basal ground water in central Molokai is known
only vaguely, and additional study is needed to determine the
potentialities for future development.
EAST MOLOKAI

A large amount of fresh water wastes to the sea in the large
valleys of the north slope, and no doubt increasing amounts of it
will be diverted westward. There is considerable discharge of basal
water into the sea along the south coast. A few wells tap this
supply to meet local needs. Additional water could be developed
and diverted westward, but at high cost. The Division of Water
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and Land Development is making a study to determine the best
places and methods for developing this water.
NIIHAU
. Niihau (Stearns, 1947) is the lowest (1,281 feet) and second
smallest (72 square miles) island of Hawaii. It lies in the rain
shadow of Kauai, the wettest island, and like Lanai and Kahoolawe
is among the driest of the group. Its main mass is the deeply
weathered remnant of a basalt dome whose center was about 2 miles
east of the present island. The mass is cut by hundreds of dikes.
The dome is fringed on the north and southwest by a low plain of
younger sedimentary and volcanic rocks.
Records of rainfall are sketchy. During 1919-25 the rainfall at
Kiekie on the west coast averaged about 26 inches, but the longterm average may be less. On the other hand, the rainfall is as much
as 45 to 50 inches in wet years. Runoff is small; there are no
perennial streams. Nearly all the basal ground water is brackish,
and high-level supplies are meager and also probably not of very
good quality.
The population is small, and the chief activities are raising sheep
and cattle and making honey. Domestic water is caught from roofs;
stock water is obtained from shallow wells. The prospects for substantial development of ground water are negligible.
OAHU

Oahu (Stearns and Vaksvik, 1935, 1938; Stearns, 1939, 1940a;
Norah D. Stearns, 1935; Visher and Mink, 1960; Takasaki and
others, 1962; Zones, 1962b) is the fourth largest island of Hawaii
but is the site of the capital city of Honolulu and has three-quarters
of the population of the State. It is the center of commerce, shipping, industry, and government; the site of large military installations; a large producer of sugar and pineapples; and the chief
tourist center of the Islands. Although Maui exceeded it in total
water use in 1957 and Kauai was not far behind, Oahu used the
most ground water 458 mgd of a total of 795 mgd of ground
water used in the Islands in 1957 according to the Hawaii Water
Authority. Patterns of ground-water draft are changing with
changes in land use growing use for housing and for manufacturing
and service industries, in part at the expense of sugar culture but
Oahu no doubt will continue to lead in ground-water draft for some
time to come.
Oahu has an area of a little less than 600 square miles and rises
to a maximum of 4,025 feet above sea level. It is formed by the
dissected remnants of two basaltic volcanoes, the Koolau Range in
the east and the Waianae Range in the west. Between the two
ranges is the Schofield Plateau. A coastal plain fringes most of
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the island and reaches its greatest width of 5% miles in the Pearl
Harbor area at the south end of the Schofield Plateau.
The rainfall shows strong orographic effects. The median rainfall
as indicated by 90-odd precipitation stations is about 58 inches, and
the average as shown in Stearns and Vaksvik (1935, p. 202) is about
68 inches. The average annual rainfall on the Koolau Mountains
ranges from less than 20 inches along the coast to about 250 inches
at the crest. On the Waianae Range it ranges from about 6 inches
at the coast to about 110 inches at the summit. On the Schofield
Plateau it is generally 30 to 40 inches, and in the Pearl Harbor
area it is generally less than 20 inches at low elevations.
As elsewhere in wet areas in the Hawaiian Islands, instantaneous
rates of rainfall may be very heavy 2 inches in 5 minutes at
Kaneohe on one day in 1957, for example (U.S. Dept. Interior,
1960b, p. 3). Runoff also is highly variable and may reach very
high instantaneous rates 3,520 cfs from a drainage area of 1.1
square miles on West Manoa Stream on January 16, 1921, for example (Stearns and Vaksvik, 1935, p. 214), a rate equivalent to a
discharge of nearly 5 inches of water from the whole drainage
basin each hour.
Oahu has large resources of both basal and high-level ground
water. The reported 1957 pumpage of 458 mgd 408 basal and 50
high-level amounts to about three-quarters of a million gallons per
day per square mile for the whole island a very high rate. The
average pumpage in recent years has been about 350 mgd. There
is much diversion of water from wet areas to areas of need, and
this activity will increase as heavy demands for sugarcane irrigation
continue and demands for municipal and industrial water rise.
Increasing demands could result in local competition between different users for the same water, and islandwide competition may occur
eventually.
SOUTHERN OAHTI

Southern Oahu takes in the area from Koko Head at the southeast corner of the island to Barbers Point at the southwest corner,
extending northward to the Schofield Plateau. The ground-water
supply is large, but the demand is larger than in any other area
in the Islands, and some water is exported from it to other areas,
though some also is imported. The average pumpage in recent decades, until about 1959, was about 200 mgd, most of which was used
to irrigate sugarcane in the Pearl Harbor area. Recently pumpage
has increased to about 225 mgd, in part as a result of larger demands
for municipal water. The basal-ground-water system in the Pearl
Harbor area has been virtually in equilibrium for the last 40 years
under prevailing conditions of recharge, pumping, and irrigation
(Visher and Mink, 1960, p. 15). There have been local increases in
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salinity, as a result of excessive pumping (Mink, 1960), but no
overall deterioration of the supply. As the pumping increases and
its distribution and the pattern of land use change, the equilibrium
will be upset and the salinity of the water will rise in places. There
is need for continued study to enable predicting the effects of proposed increases in pumping in time to forestall undesirable effects.
Recharge in the Honolulu area exceeds current pumping, and additional development may be possible there if the withdrawals are
carefully planned.
WINDWARD OAHU

Windward Oahu (Takasaki and others, 1962) takes in the northeast slope from the southeast corner of the island to about 7 or 8
miles southeast of the north corner. It is an area of high-level
ground water which feeds many perennial streams. Basal water is
found in small coastal areas at the north end. Tunnels develop highlevel water for several communities, and the Waiahole tunnel
system diverts about 30 mgd of water from streams and dike compartments to sugar fields in the Pearl Harbor area. Runoff is substantial but not completely measured, and the total potential of the
area is not known. Already demands can be foreseen that will likely
exceed the potential of the southern part of the area. The Waimanalo
area is already short of water and must import water to meet
domestic and irrigation needs. Doubtless the whole area's water
supply ultimately will be fully developed for local use and export
to the leeward area, especially southern Oahu.
PUPUKEA-KAHUKU AREA

The Pupukea-Kahuku area forms the north end of Oahu. It is
underlain by basal ground water of variable quality, which is pumped
from numerous wells for irrigating sugarcane. The pumpage is 20
to 30 mgd. Locally the pumping has induced sea-water encroachment which has increased the salinity of the water. Whether the
total pumping could be increased substantially without danger to
the supply is not known.
MOKULEIA-WAIALUA AREA

The Mokuleia-Waialua area represents the north coastal end of
the interior lowland of which the Schofield Plateau is the middle
part. It is underlain by basal ground water which is extensively
developed for irrigation; the total pumpage for all use is about
40 to 50 mgd.
The source of the water, the geologic features that control it, and
the relation of fresh and salt water are not well understood; hence,
there is no way of saying whether the pumping could be increased
safely and where and how additional water might be developed.
Additional water would be desirable for irrigation, and municipal
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requirements will increase. Detailed studies are needed here, as in
the adjacent Pupukea-Kahuku area.
LEEWARD WAIANAE

The southwestern slope of the Waianae Range is dry, and the
water resources are too small to meet the probable ultimate demands
(Zones, 1962b). Ground water occurs both in high-level dike compartments and in basal reservoirs in volcanic and sedimentary
rocks. The high-level water is developed by means of numerous
tunnels, and the basal water by means of a few tunnels and numerous
small-capacity farm wells. The known withdrawal from the tunnels
is about 4 mgd, and an additional but probably smaller amount is
pumped from farm wells. A part of the domestic supply is imported
from the Pearl Harbor area in a pipeline completed recently by the
Honolulu Board of Water Supply. Ultimately leeward Waianae
will compete further with other areas for water that lies outside
its boundaries.
SCHOFIELD PLATEAU

The Schofield Plateau is underlain by a large high-level groundwater reservoir from which about 6 mgd is pumped for military
and municipal supplies. Little is known about the extent of the
reservoir and its relation to ground-water supplies in the coastal
areas to the north and south, especially the effect of the current
increasing development on underflow to the basal aquifers tapped
in those areas. Detailed studies are needed to outline the perennial
yield of the reservoir, which because of its location and elevation
is a promising source for water to be exported to the adjacent areas.
PROSPECTS AND NEEDS

Hawaii as a whole has a very large supply of water, for its size,
but there are local deficiencies and these will multiply as the economy
develops now that the Islands have become a State. The excellent
climate and beautiful scenery and growing economy promise to
attract increasingly larger numbers of continentals as both tourists
and permanent residents, and the consequences in terms of waterresources needs are not hard to foresee. For many of these needs
water must be developed and transported at rather high cost. In
large areas there is abundant additional water, but it is at great
depth or in inaccessible locations, and is correspondingly expensive
to get.
The greatest need is for detailed studies of water resources to
serve as a basis for selecting the most economical means of obtaining
water for each need. These would include gaging of the many
streams of unknown discharge; location of promising sites for
surface reservoirs at intermediate to high elevations that would be
watertight or could be paved inexpensively; and identification and
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study of all the potentially productive aquifers, including their
location, boundaries, depth, recharge, quality of water and saltwater relations, and potential productivity for human use. Even in
Oahu, the most intensively developed island and the one whose
ground water is best known, the aquifers in the largest part of the
island are incompletely known and their water resources inadequately evaluated.
The State is well aware of these informational needs. While still
a Territory, Hawaii made substantial progress in cosponsoring the
preparation by the U.S. Geological Survey of the descriptive reports
on ground water listed previously, as well as a program of stream
gaging. Too, considerable attention has been given to the problem of
legal control of water use, an essential ingredient in intensive water
development (Hutchins, 1946; Hawaii Legislative Reference Bureau,
1948; Thomas, 1959).
Through continued and expanded cooperative studies, and in its
investigative and action programs, the Division of Water and Land
Development of the State Department of Land and Natural Resources
will do'its part to underwrite the success of future water developments as a key factor in the growth of the Nation's youngest and
certainly one of its most beautiful States.
IDAHO
Twelfth in size among conterminous States but forty-third in population;
economy largely agricultural, and much arable land not cultivated. Runoff
about 9.4 inches, a little above average for conterminous States and about
twice average for 17 Western States; total is about 37 bgd, or about 42 million
acre-feet per year, exceeded only in a third of the 31 Eastern States and in
Oregon, Washington, California, and Texas in West. Surface water diverted
and ground water pumped in 1960 for irrigation of about 3,200,000 acres
totaled about 17 million acre-feet, of which 5 million was accounted for by
conveyance losses and about 12 million (9.6 surface water and 2.6 ground
water) was delivered to fields. About 4.5 to 5.5 million acre-feet was consumed. Of the unconsumed water, a part returned directly to streams but most
infiltrated to water table, either discharging later to streams or adding to
ground-water storage. Average of more than 60,000 acres per year added to
total irrigated in 1946-60, mostly in small tracts. Large projects proposed include Mountain Home project, which according to State would add 135,000
acres in first unit, of a potential total of 400,000 in project. State has some
extremely productive volcanic and alluvial aquifers, especially basalt of Snake
River Plain and glacial outwash of Rathdrum Prairie-Spokane Valley. Local
water problems include depletion or natural shortage of ground water, waterlogging, pollution, natural water quality and depreciation of quality as a result
of use of water for irrigation and other purposes, and conflict between groundwater and surface-water rights and between irrigation and hydropower development. Large additional supplies of both ground and surface water available
for development as economy permits, but new developments will be increasingly affected by technical and water-rights problems. Existing statutes based.
671316 O 63
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on principle of prior appropriation recognize ground and surface water as a
single resource and provide fundamental framework for settlement of waterTights conflicts, but many difficult legal questions will have to be handled in
future. State's chief expressed concern is protecting agricultural and domestic
water rights now and in future, yet without discouraging desirable economic
growth in other fields.

Idaho is a high State of mountains and plateaus lying west of the
Continental Divide. The northern part and east edge are in the
Northern and Middle Rocky Mountains. The southern part and
west edge are in the Columbia Plateaus province. The northeast
corner of the Basin and Range province occupies an area in the
southeast, between the Middle Rocky Mountains on the east and the
Snake River lava plain of the Columbia Plateaus on the west.
The annual precipitation exceeds 16 inches in the northern third
of the State and is 48 inches or more in the highest parts of the
Northern Rocky Mountains along the Idaho-Montana border. It is
less than 8 inches in part of the northeastern Snake River Plain and
adjacent area and in the southwestern part of the plain. The average
annual runoff exceeds 20 inches in much of the Northern Rockies
and a part of the Middle Rockies and is above 40 inches in a part
of the Northern Rockies. In 1921-45, according to computations made
in 1951 by C. H. Hardison of the U.S. Geological Survey (unpublished data) from the runoff contours of Langbein and others (1949)
reproduced in plate 1, it averaged about 8.5 inches in the State, the
same as in California and equal to the average for the conterminous
States. It was nearly twice the average of 4.5 inches for the 17
Western States. In the more representative period 1931-60 it averaged about 9.4 inches (C. A. Thomas, U.S. Geol. Survey, written
communication, 1961), for a total of about 37 bgd, or 42 million
acre-feet per year. The total runoff within Idaho exceeds that in all
but about a third of the 31 Eastern States, and in the West it is
exceeded only by that in Oregon, Washington, California, and Texas.
Idaho can be considered a generally well watered State. In the
north it has its wetter climate, its mountains, and some of its largest
streams, especially the Kootenai, Pend Oreille, and Spokane Rivers
and their tributaries. The southern part of Idaho has the Snake
River, which carries about three-quarters of the runoff originating
within Idaho (U.S. Geol. Survey, 1955, p. 413, 449, 453-454; 1956,
p. 427-428, 451-452). The supply of the Snake is of supreme
importance because the river traverses the principal irrigable area
of Idaho and serves as the chief water source in this relatively dry
part of the State. Also, southern Idaho has the State's largest
aquifers, which serve both as a highly important source of water
and as the chief regulating medium for the flow of the Snake.
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The ground water is of generally good quality, though most of it
is hard to very hard. The dissolved-solids content generally is less
than 500 ppm. Locally the ground water is moderately mineralized
and has a relatively high percent sodium. An excessive fluoride content also is a problem locally.
QROTJND-WATER RESOURCES, DEVELOPMENT, AND PROBLEMS

Idaho's most important aquifers are basaltic lava flows in the
Columbia lava plateau, especially in the Snake River Plain. These
aquifers are among the Nation's and the world's most permeable.
They are matched in permeability, if not in size, by deposits of
glacial outwash gravel in the Rathdrum Prairie-Spokane Valley
area of northern Idaho and adjacent Washington.
The chief lava-rock aquifer is basalt of the Snake River Group,
of Pleistocene and Recent age, which is the principal source of
ground water in a broad arc the major part of the Snake River
Plain extending from Clark and Fremont Counties on the northeast to Gooding County in southwest-central Idaho. A separate body
of the basalt underlies a sizable area south of the Snake River Plain
in the Portneuf and Blackfoot River basins. Basaltic and silicic
volcanic rocks of Tertiary age, with some sedimentary interbeds,
form aquifers south of the Snake River in Twin Falls and Cassia
Counties. Westward from Gooding County, an area underlain by
basalt (principally the Columbia River Basalt of Miocene age) and
interbedded sedimentary strata completes the arc of the Snake River
Plain into Oregon. Similar rocks form aquifers which are tapped in
the valleys of a large mountainous area east of the Snake River and
north and east of Weiser. Farther north, generally south, east, and
north of Lewiston, is a large plateau area in which the Columbia
River Basalt is the chief aquifer. Still farther north are smaller
areas, including the valleys of tributaries of the Palouse and Spokane
Rivers, in which the basalt forms an aquifer.
The sedimentary strata interbedded with the basalt that contain
aquifers include the Latah Formation of Miocene age, the Payette
Formation of Miocene and Pliocene(?) age, and the Idaho Group
of Pliocene and Pleistocene age. They represent the deposits of
both streams and lakes and are mostly fine grained, but they include
some water-bearing sand and gravel.
Alluvium, including glacial outwash, underlies the principal
valleys in northern Idaho, including the Rathdrum Prairie-Spokane
Valley area; and underlies substantial areas in central and southern
Idaho, including stretches of the main and tributary valleys of the
Boise, Payette, Salmon, Lost, Raft, and Bear Rivers and the Snake
River itself.
In general, the aquifers of Idaho underlie the lowlands or plateaus.
The mountains are underlain by relatively impermeable granitic,
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metamorphic, and consolidated sedimentary rocks, which are mantled
locally by glacial outwash deposits in high mountain basins. In the
uplands the outwash, alluvium of nonglacial origin, the cones of
rock debris called "talus," and the uppermost weathered part of the
bedrocks themselves form a shallow but nearly continuous aquifer
of considerable storage capacity which maintains the base flow of
streams at a fairly high level.
Ground water is the principal source of supply for all consumer
uses except irrigation, for which surface water is the principal
source. Nevertheless, about 2.6 millon acre-feet of ground water was
withdrawn in 1960 as the sole or principal supply for irrigation of
more than 800,000 acres of land, chiefly in the Snake River basin.
Among the problems that involve ground water are potential
conflict between established surface-water rights and increasing
development of ground-water supplies, which eventually will reduce
streamflow in some places. Other problems include waterlogging
resulting from irrigation, urbanization, and dam and reservoir construction; naturally poor quality of water in some areas; and
deterioration of water quality due to recirculation and evaporation
of irrigation water and to discharge of sanitary and industrial
wastes.
There are large areas of high-grade irrigable land that lack a
nearby source of water. Many of these areas can be supplied water
as the economy grows, in some places by the pumping of ground
water in presently irrigated areas and use of the released surface
water on new land. Some waterlogged areas can best be drained in
this way. Even though water will be brought sooner or later to many
areas not now irrigated, formidable technical and legal problems will
have to be solved first. The complications involved in proposed
ground water-surface water exchanges as one means of obtaining
needed water are well illustrated by one of the plans considered for
the proposed Mountain Home project. This particular plan involves,
for a minor part of the total required project supply, pumping of
ground water in the Boise Valley both to relieve waterlogging and
to replace Boise River water, which would be diverted from its
present use in the valley to project lands on the Mountain Home
upland north of the Snake River (Nace and others, 195Y, p. Y-12).
The situations in the principal river basins of Idaho are described
in the following sections.
KQOTENAI AND PEND OREILLE RIVER BASINS

The Kootenai and Pend Oreille River basins are in northernmost
Idaho. Ground water is available from glacial outwash in the larger
and some of the smaller valleys. Some of the outwash appears to be
highly productive, and presumably, large quantities of ground water
are available, but very little is known of the possibilities and not
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much ground water has been developed except for domestic and a
few commercial supplies. Little ground water has been used for
irrigation or industries, but sprinkler irrigation is increasing in the
Peiid Oreille River basin. Municipalities obtain their water from
springs or small streams. Domestic water in the upland is obtained
from wells penetrating, or springs issuing from, crystalline bedrocks.
There are problems of both flood control and drainage along the
major streams and certain tributaries.
In general, this is an area of large water resources and comparatively small water use. Pend Oreille River at Priest River, Idaho,
the gaging station farthest downstream in the State, discharged an
average of about 18 million acre-feet per year in the water years
1904-41 (U.S. Geol. Survey, 1955, p. 413) between a quarter and
a third of the total discharge of surface water from Idaho. (Much of
the water of the Kootenai and Pend Oreille Rivers originates outside
Idaho, in Montana and Canada.) In addition, as discussed in the
next section, there is a sizable underground flow across the IdahoWashington border, derived in part from the Pend Oreille River
basin and in part from the Spokane River basin.
SPOKANE RIVER BASIN

The Spokane River basin is similar to the Pend Oreille and Kootenai basins to the north small ground-water supplies in the uplands
and large supplies in glacial outwash in the lowlands. Ground-water
development is larger, however, considerable quantities of water
from wells being used for industrial and municipal supply, as well
as domestic. Also, sprinkler irrigation with water from wells is
increasing. Large additional quantities are available, but little is
known of exact quantities except in the Rathdrum Prairie. There,
as much as 1,000 cfs, or more than 700,000 acre-feet per year, flows
underground across the Idaho-Washington boundary in permeable
glacial outwash gravel. The wTater is derived mostly from precipitation and streamflow in the area tributary to the Prairie, but in part
it represents seepage from Pend Oreille Lake, in the Pend Oreille
River basin (Piper and Huff, 1943; Piper and LaRocque, 1944, p.
88-90; Simons and others, 1953). The permeability of the gravel
is shown not only by the large spring discharge into the Spokane
River in the vicinity of Spokane but also by the huge yields of
public-supply wells at Spokane (Piper and LaRocque, 1939). Some
information on the shape of the bedrock trough in which the gravel
was laid down has been obtained by seismic surveying (Newcomb
and others, 1953).
Because of the high permeability of the gravel, the ground water
is able to drain to a low level, so that the depth to water is great in
parts of the Rathdrum Prairie, inhibiting the drilling of wells.
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The principal problems are in the future and relate to ground
water-surface water relations the effects of ground-water development on streamflow and of storage of surface water on the groundwater regimen. With proper coordination, however, both ground
and surface water can support much additional development.
CLEARWATER AND PALOUSE RIVER BASINS

The downstream stretches of the Palouse and Clearwater River
basins in Idaho are underlain by the Columbia River Basalt and
related sedimentary rocks; these and alluvium along the larger
streams are the chief aquifers. The base flow of the Clearwater
River is relatively large and is supported by ground-water discharge
both from the volcanic and associated sedimentary rocks and from
a mantle of weathered rock and alluvium in the headwaters.
Ground water is used for domestic, municipal, and industrial
supply in the lower parts of the basins. Much additional water
could be withdrawn in the areas now developed, but well yields are
erratic and little information is available to guide drilling.
Several communities have had difficulty in obtaining sufficient
ground water. One of these is Moscow, where geologic conditions
limit the recharge to the artesian water in the local basin and where
the surface-water supply is not large (Stevens, 1960, p. 340-348).
Iron in the ground water also is a problem. Several communities on
the upland southeast of Lewiston, including Cottonwood, Grangeville, and Craigmont, have had trouble in locating productive wells.
SALMON RIVER BASIN
The Salmon River basin includes a sizable area extending across
central Idaho. Most of the basin is mountainous and uninhabited.
The chief aquifers are volcanic and associated sedimentary rocks in
the lower part of the basin and alluvium (including glacial outwash) in headwaters stretches of the main stem and of the tributary
Lemhi Valley, Pahsimeroi Valley (Meinzer, 1924), and valley of
Warm Springs Creek. Deeply weathered rock and glacial outwash
deposits in the uplands form an extensive shallow aquifer which
maintains a high base flow in the streams.
About 100,000 acres is irrigated with surface water in the Lemhi
and Pahsimeroi Valleys. Large quantities of ground water are
available, but not much information has been collected on the water.
Development of ground water could relieve dry-season shortages of
surface water in the upper parts of the basins. Farther downstream
the discharge of ground water provides ample supplies throughout
the year and even leads to problems of waterlogging.
Coordinated development of ground and surface water could support large additional uses of water and at the same time relieve
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flood and drainage problems. Very little information is available
that would serve to guide such development, however.
WEISER AND PAYETTE RIVER BASINS

The Weiser and Payette Kiver basins are in west-central Idaho
between the Salmon and Boise River basins. Aquifers include the
Columbia River Basalt and the associated Payette Formation and
Idaho Group in the greatest part of the basins, alluvium along the
North Fork Payette River in western Valley County, and alluvium
along the lower reaches of the Weiser and Payette Rivers in Washington, Payette, and Gem Counties.
Ground water is used for most domestic, municipal, and industrial
supplies and also to a substantial extent for irrigation 50,000 acrefeet in the Weiser Valley and 60,000 acre-feet in the Payette Valley
in 1960. Probably large additional quantities of ground water could
be withdrawn, but no detailed information is available.
BOISE VALLEY

The Boise Valley is in southwest-central Idaho. From east to
west it is separated from the Snake River valley by mountains, by
the west end of the Mountain Home upland, and by a terraced,
alluviated bench that is not much higher than the Boise Valley floor
and is generally considered a part of the valley. Basaltic lava rock
and the associated Idaho Group and alluvium are the principal
aquifers. The aquifers are permeable and yields of 1,500 to 3,000
gpm per well are common. Ground water occurs under water-table
conditions at shallow depth throughout most of the valley and under
artesian pressure in some parts.
Ground water is used for most domestic, municipal, and industrial
supplies and also on a large scale for irrigation about 300,000 acrefeet in 1960. Also, many wells are used to relieve artesian pressure
and thus to drain land which had been waterlogged by upward seepage of artesian water. The casings of some of these are cut off below
the land surface, and the wells flow large volumes of water into
drainage ditches at depths of 8 to 10 feet below the general land
surface.
Large additional quantities of ground water could be developed.
The "alternate plan" for the proposed Mountain Home project of the
Bureau of Reclamation involves the development of ground water
to replace a part of the water from the Boise River that is now
used in the valley, permitting diversion of that part to irrigate the
dry Mountain Home upland (Nace and others, 1957). The groundwater development, in addition to permitting the desired exchange
of water, would relieve waterlogging and the accompanying deterioration of water quality. Substantial technical and legal problems
remain to be solved before the project can become an actuality.
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A local drainage problem, described by West (1955), illustrates
problems that may increase rather than diminish as irrigated land
is converted to residential use.
SNAKE RIVER BASIN

The Snake Eiver basin (Mundorff, 1962; Mundorff and others,
publication pending), the largest in Idaho, takes in all the remaining part of the State except the small area in the southeast that
drains to the Great Basin. In the Snake River basin as a whole
(which includes the Weiser, Payette, and Boise River basins, just
described) are nearly half the population and economic activity of
the State. Accordingly, the basin's water resources have received
considerably more attention than those of all other areas in the
State put together, as is apparent from the citations of publications
in the following descriptions of areas.
OWYHEE UPLAND

The Owyhee upland, largely in Owyhee County in the southwest
corner of Idaho, drains to the Snake River either directly or through
the Owyhee River, which drains the southwest corner of the State
and enters the Snake in Oregon. Aquifers include silicic and basaltic
volcanic rocks, sediments similar to and possibly a part of the Idaho
Group, and alluvium. Artesian water is obtained at depths ranging
from a few hundred to a few thousand feet on the north slope of
the upland. The relatively few wells drilled there and elsewhere
on the upland are used mainly for stock. Ground water occurs at
shallow depth in alluvium in some valleys, such as the Duck Valley.
The total pumpage of ground water is very small. Several springs
issue from the silicic rocks, and water from some is used for watering stock and irrigating hay. Little information is available on the
ground-water potentialities, but the general conditions do not
encourage exploration for ground water.
MOUNTAIN HOME UPLAND

The Mountain Home upland lies between the Boise Valley and
the Snake River valley. It is a high, rather dry area. Water occurs
in basalt and *in the Idaho Group. The depth to the water table
exceeds 300 feet in most places, but locally perched water is available
at shallower depth for example, 50 to 100 feet at Mountain Home.
Well yields are not large. Several hot springs rise along faults at
the base of the mountains along the northeast flank of the plateau.
Wells are used to supply domestic and stock water and also for
the city of Mountain Home and the nearby Air Force Base.
The proposed irrigation with surface water would raise the water
table and saturate strata now dry. Large amounts of ground water
would become available, and drainage problems likely would arise
in places. Water-quality problems associated with waterlogging, and
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also perhaps with solution of minerals in rocks that are now unsaturated, might develop.
SNAKE KIVEE VALLEY FROM OREGON LINE UPSTREAM TO BLISS, IDAHO

Ground water in the Snake River valley downstream from Bliss is
obtained from alluvium, basalt, the Idaho Group, and silicic volcanic
rocks. Water occurs under both water-table and artesian conditions.
Several hot springs, and larger springs of lower temperature, discharge in the Bruneau and Little Valleys, presumably rising along
faults.
Moderate to large yields are obtained from wells as much as 3,000
feet deep. Ground water is used for domestic, stock, municipal, and
irrigation supplies. The withdrawal for irrigation in 1960 was about
70,000 acre-feet, most of which was used in the Bruneau-Grand View
area on the south side of the river. That area is described in reports
by Piper (1924) and Littleton and Crosthwaite (1957). Several
thousand acres of land is irrigated with ground water in southern
Canyon County on the north side of the river (Stevens, 1962).
Additional ground water is available in many parts of the area.
The development in the Bruneau-Grand View area may be approaching the optimum.
There are problems of drainage, of water quality, and of possible
future depletion in certain heavily pumped localities. Some of the
ground water is high in fluoride, making it undesirable for domestic
use; or in percent sodium, making it undesirable for irrigation.
CAMAS CREEK BASIN

The Camas Creek basin (Piper, 1926; Walton, 1962) is north of
the Snake River Plain and east of the Boise Valley and Mountain
Home upland. It is part of the Big Wood River basin but is discussed separately. Ground water occurs under both water-table and
artesian conditions in fine-grained sedimentary strata a few hundred
feet thick and in basalt of the Snake River Group. The water table
is shallow, and many of the deeper wells flow.
Ground water is used for domestic, stock, and municipal supplies
and to irrigate small tracts. A total of about 2,000 acre-feet was
pumped for all uses in 1960. Additional ground water could be
developed, but withdrawal of as much as 10,000 acre-feet per year
would lower the water table considerably. The lowering would
reduce ground-water outflow to streams and, where it occurred,
would stop the present practice of "subirrigation" of crops where
the water table is shallow enough .to be reached by plant roots.
Hence, questions as to both ground- and surface-water rights would
be involved.
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WOOD RIVER BASIN

The Wood River basin of this report is north of the Snake River
Plain and east of the Camas Creek basin. It is drained by the Big
Wood and Little Wood Rivers, which join on the Snake River Plain
to the south. Ground water occurs at shallow depth in alluvium,
especially in a structural basin including the middle Big Wood
River valley north of the latitude of Camas Creek and the valley of
Silver Creek, which drains eastward to the Little Wood River
(Smith, 1959, p. 19-36, pi. 1). Some of the deeper wells flow. Large
yields are obtained.
Ground water is used for domestic, stock, municipal, and irrigation
supplies. About 35,000 acre-feet was withdrawn for irrigation in
1960. Considerable additional ground water could be withdrawn,
but not without effect on surface-water supplies, and rights, in the
streams (idem, p. 36-40).
The Big Wood River basin is the site of one of several pilot studies
made to evaluate the effectiveness of existing streamflow records in
measuring the total water supply of drainage basins (Jones, 1952;
Smith, 1960).
BIG LOST RIVER, LITTLE LOST RIVER, AND BIBCH CREEK BASINS

The basins of the Big Lost River, the Little Lost River, and Birch
Creek lie along the north edge of the Snake River Plain east of the
Little Wood River basin. In the Big and Little Lost Rivers, as can be
inferred from their names, and also in Birch Creek, no surface
runoff reaches the Snake River. The flow of the streams is lost into
the permeable alluvium (and, in the lower Big Lost River valley,
basalt) that underlie the basins, and passes southward into the basalt
of the Snake River Group. The quantities of underflow are known
only vaguely but are large (Mundorff and others, 1960; Mundorff
and others, publication pending).
Ground water is used for domestic, stock, municipal, and irrigation suplies. Irrigation withdrawal in 1960 was about 50,000 acrefeet in the Big Lost valley and 40,000 in the Little Lost. There was
no irrigation with ground water in the Birch Creek valley.
Large additional supplies of ground water could be withdrawn in
all three valleys, but conflicts with surface-water rights would ensue
at some places.
MTJD LAKE BASIN

The Mud Lake basin (Stearns and others, 1939), at the northeast
end of the Snake River Plain, is another one that discharges its
water to the plain beneath rather than above the land surface.
Ground water occurs in alluvium, basalt, loose volcanic cinders, and
sedimentary strata associated with the volcanic rocks. Most of the
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wells of large yield penetrate basalt or cinders. The yields are so
large that, as is common in Idaho, they can be expressed in cubic
feet per second instead of gallons per minute; some are as much
as 20 cfs (about 9,000 gpm).
Ground water is used for domestic, stock, municipal, and irrigation supplies and also for a game refuge. A total of about 300,000
acre-feet was withdrawn in 1960.
Ground-water levels are declining slowly but persistently, and it
is possible that no further large withdrawal would be feasible on a
perennial basis. There is the usual potential conflict with surfacewater rights. Another problem is somewhat uneven distribution of
the productive water-bearing rocks.
TWIN FALLS DISTRICT

The Twin Falls district (Crosthwaite, 1957; Fowler, 1960) is at
the southwest side of the Snake River Plain, east of the Owyhee
upland. It is bounded on the east and south by mountains and on
the north and west by the canyons of the Snake River and Salmon
Falls Creek, respectively. Aquifers are found in both basaltic and
silicic rocks. The water is at shallow depth near the base of the
mountains but at depths of more than 500 feet near deeply incised
Salmon Falls Creek. Occurrence of productive zones in the volcanic
rocks is erratic.
Ground water is used for public supply, rural domestic and stock
supply, and some irrigation. All public supplies except that of Twin
Falls are obtained from the ground; and Twin Falls, which has been
obtaining 75 to 90 percent of its water from surface sources, was
converting to ground water in 1961. The total withdrawal in the
district in 1960 was about 35,000 acre-feet.
Additional ground water could be developed, but the erratic
occurrence of good aquifers means that development may lead to
local depletion where the supply is small but the demand is great.
There are local problems of drainage and of pollution. Proposed
additional irrigation with surface water would increase groundwater supplies but would also create or aggravate drainage problems.
DRY, COTTONWOOD, GOOSE, AND MARSH CREEK BASINS

The basins of Dry, Cottonwood, Goose, and Marsh Creeks lie
south of the middle of the Snake River Plain, east of the Twin Falls
district. Aquifers include alluvium, basalt of the Snake River Group,
silicic volcanic rocks, and limestone. There are many different
aquifers, which are of varying productivity and have different water
levels. Those in the stretches of the basins near the Snake River
and in the adjacent stretches downstream and upstream are described
by Crosthwaite (1957). Those in the Goose Creek basin in
particular are described by Piper (1923).
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Ground water is used for domestic, municipal, industrial, and
irrigation supplies. About 250,000 acre-feet was withdrawn for
irrigation in 1960.
Both occurrence and development of ground water are variable.
Considerable additional water may be available in some places, but
the supply apparently is already being depleted in others. Detailed
studies are needed both to obtain more information on the local
occurrence of ground water and to provide a basis for solution of
local problems of depletion. Proposed additional irrigation with
surface water may aid in the solution of some problems but may
create problems of waterlogging.
BAFT BIVEB VALLEY

The Raft River valley (Nace and others, 1961; Mundorff and
Sisco, 1962) is a large alluvial basin east of the Goose and Marsh
Creek basins. Alluvium is the principal aquifer in the southern and
central parts of the valley and basalt of the Snake River Group at
the north end. Ground water is used for domestic, stock, and irrigation supply. A total of about 130,000 acre-feet was pumped in 1960.
Some additional ground-water withdrawal may be possible, but
the development may be approaching the optimum. Proposed additional irrigation with surface water would increase the ground-water
supply, though it would create additional drainage problems.
EASTERN HIGHLANDS

The eastern highlands area bounds the Snake River Plain on the
southeast and east. Aquifers, mainly in the lower parts of the area,
include alluvium, basalt of the Snake River Group, silicic volcanic
rocks, and possibly limestone. Information on ground water is
available for only a few areas, including the Michaud Flats area in
Power County (Stewart and others, 1951), the Fort Hall Indian
Reservation in Bannock, Bingham, and Power Counties (West and
Kilburn, publication pending), and the areas along the Snake River
described by Crosthwaite (1957).
Ground water is used for domestic, stock, municipal, and irrigation
supply. About 100,000 acre-feet was pumped in 1960 for irrigation,
chiefly in the Michaud, Pocatello, Ririe, and Rexburg areas. Irrigation in these areas is expanding rapidly.
Additional ground water is probably available in most areas having
good aquifers, but little information is available to indicate where it
is and how much there is, or what the long-term effects of pumping
would be. The ground water is tributary to the Snake River, and
reduction of ground-water outflow by increased consumptive use
must be considered in relation to established surface-water rights
on the Snake.
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SNAKE RIVEE PLAIN

The Snake Eiver Plain lies along, and mainly north of, the Snake
River from near the northeast corner of the main body of Idaho to
the vicinity of Bliss and King Hill in southwestern Idaho. It is
about 250 miles long and has an area of about 12,500 square miles. It
includes one of the Nation's greatest aquifers, chiefly in basalt of the
Snake River Group but, especially along the Snake River itself, also
in overlying and interbedded alluvium (Stearns and others, 1936,
1938; Mundorff and others, publication pending).
The basalt of the Snake River Group is one of the most permeable
aquifers known. Transmissibilities as high as 15 mgd per foot have
been determined (Walton and Stewart, 1958; Walton, 1959;
Mundorff, 1960), and these do not represent the maximum because
the wells tested do not penetrate the full thickness of the basalt. In
fact, no wells have reached the bottom except very near the edge of
the plain, and the maximum thickness is thousands of feet.
Many wells yield 5 to 10 cfs (2,250 to 4,500 gpm) and could be
made to yield even more, such as in the adjacent Mud Lake basin
where water is pumped from wells into canals for use on land several
miles away. To save pipeline and electric-line costs, a typical irrigation well in the Snake River Plain is put down for each 160 to. 640
acres of land to be irrigated and is pumped at 2 to 8 cfs.
The aquifer is replenished, in decreasing order of magnitude, by
infiltration of irrigation water, seepage from streams entering or
crossing the plain, underflow from tributary basins, and infiltration
of precipitation on the plain (Mundorff and others, publication pending). The water then flows toward the Snake River. The storage
capacity of the aquifer is huge hundreds of millions of acre-feet,
many times that of all existing and potential surface reservoirs. The
aquifer discharges about 2,500 cfs (about 1.8 million acre-feet per
year) into the Snake River in the stretch containing the American
Falls Reservoir, between the Blackfoot River and the Raft River;
and about 6,500 cfs (about 4.7 million acre-feet per year) between
Milner Dam and Bliss (Mundorff and others, publication pending).
Most of the water is discharged through large springs (Meinzer,
1927a, p. 42-51; Stearns, 1936; Nace and others, 1958). An additional
but unmeasured amount discharges from aquifers on the south side
of the river between the Goose Creek basin and Salmon Falls
Creek. The ground-water discharge into the river has increased
since the early days as a result of irrigation that is, as a result of
infiltration to the water table of a part of the irrigation water
diverted from the upper stretches of the river and from its tributaries (Thomas, 1952a, p. 33).
Wells are the chief source of supply for all uses except irrigation,
and large quantities are withdrawn for that use also. The total with-
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drawal in 1960 was more than 1 million acre-feet. The Minidoka
North Side Pumping Project of the Bureau of Reclamation
(Crosthwaite and Scott, 1956) is one of the few of the Bureau's
projects in which wells are a principal source of supply.
The water table is declining slightly in a large part of the plain,
but much additional water could be pumped. Additional consumptive use of course would decrease the discharge to the river in the
American Falls Reservoir reach and the reach below Milner Dam and
would affect established surface-water rights. Mundorff and others
(publication pending) discuss the availability of ground water for
additional irrigation in the Snake River Plain and elsewhere in the
Snake River basin. Mundorff (1962) discusses possibilities of artificial recharge of ground water in the basin.
Floodwater in excess of the capacity of existing surface reservoirs
is available in the main stem and in Henrys Fork on an average of
1 year in 2. It would be physically possible, though not necessarily
economically feasible, to recharge as much as 500,000 to 1,000,000
acre-feet of this water to the basalt aquifer in the years in which it
is available.
Problems include potential conflict between ground-water and
surface-water rights; deterioration of water quality resulting from
recirculation of irrigation water and from discharge of municipal
and industrial wastes; waterlogging, chiefly as a result of accumulation of irrigation return water in perched aquifers; and technical
and legal problems involved in proposed ground water-surface water
interchanges.
Because of the size of the aquifer and of its water supply, and of
the complexity of the pattern of recharge from both natural sources
and irrigation and discharge both natural and artificial, the electrical
analog model offers a-promising approach to prediction of the effects
of continuing and proposed future development. A simple model
of an idealized aquifer conforming in shape to the Snake River
Plain has-already'been built as an indication what might be done
(Skibitzke and da Cesta, 1962), and a more detailed model incorporating available information on the hydraulic coefficients and boundaries .of the aquifer is proposed.
GREAT BASIN

An area of several hundred square miles in southeasternmost Idaho
drains southward into the Great Basin. The two principal streams
are the Bear River, which flows northeastward out of Utah into
Wyoming, westward into Idaho and northward around the north
end of the Bear River Range, and then southward again into Utah
and into Bear River Bay of Great Salt Lake; and the Malad River
to the west, which flows southward into Utah and enters the Bear
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River a little north of Bear River Bay. Aquifers in the Great Basin
in Idaho include alluvium, older sedimentary strata, and, in the
northern part, basalt of the Snake River Group.
Ground water is used for domestic, stock, municipal, industrial,
and irrigation supply. The total withdrawal for irrigation in 1960
was roughly 120,000 acre-feet for 40,000 acres of land (M. J.
Mundorff, U.S. Geol. Survey, unpublished data). Drought conditions
in 1961 accelerated the trend toward development of ground water
to supplement surface water for irrigation supply (G. N. Carter,
State Reclamation Engineer, Avritten communication, 1962). The
meager information on ground water includes that on ground-water
possibilities in the Bear River valley in the vicinities of Dingle and
Montpelier in Bear Lake County and Soda Springs in Caribou
County (Scott, 1955) and that on possible salvage of water transpired by phreatophytes in the Malad Valley in Oneida County
(Mower and Nace, 1957). Probably substantial additional supplies
of ground water could be withdrawn, but the available information
is not adequate to indicate where the water might best be withdrawn,
the quantities available, and the effects of development in reducing
waterlogging and salvaging evapotranspiration, on the one hand,
and in reducing streamflow, on the other hand. Water quality is a
problem locally.
PROSPECTS AND NEEDS

Idaho's needs related to water are informational, technical, and
legal. In spite of decades of streamflow measurements and groundwater investigations, made mostly in cooperation with the Idaho
Department of Reclamation, no more than a good start has been
made toward the ultimate goal of collecting enough hydrologic
information to identify and evaluate water sources and to provide
a basis for both solution of existing problems and development of
water in the future. Because of complications introduced by erratic
occurrence of water, which is found mainly at low elevations, and
distribution of areas of water need, many of which are at higher
elevations and are distant from areas of surplus, highly difficult
technical problems will have to be solved in order to make possible
the needed diversion and transportation of water. And, competition
between surface-water and ground-water developments and competing demands for surface water in States both upstream and
downstream from Idaho create many vexing legal problems
which will be difficult to work out in spite of the internal consistency of Idaho's water laws (Hutchins, 1956b) and the general
acceptance of the prior-appropriation doctrine both in Idaho and
in adjacent States. One of Idaho's principal concerns is guaranteeing
its domestic and irrigation water rights as against competitive
downstream uses, not only at the present level of development but
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for the distant future when water demands both in Idaho and
downstream will be much greater (State Officials, 1960, p. 58).
These problems, though not as pressing now as they will be later, are
enough to keep Idahoans from feeling complacent even though their
overall water resources are abundant.
ILLINOIS ^

Subhumid to humid State having a little more than average rate of runoff
and moderately large water resources. Precipitation 32 to 46 inches; averages
about 37. Runoff 7 or 8 inches to about 16 inches; averages about 10 inches
for a total of about 27 bgd. With share of flow of Mississippi, Wabash, and
Ohio Rivers and diversion from Lake Michigan, total supply about 43 bgd
according to State. Major problems are transportation of water from areas of
occurrence to areas of use, and need for protecting quality and flow to permit
multiple use and reuse for domestic, industrial, recreational, power, and navigation purposes. Occasional damaging floods and protracted droughts. Water
moderately to very hard and much ground water contains excessive iron.
Use of fresh water in 1960 about 1.6 bgd by municipalities, about 2.1 bgd
by industries plus 9.7 bgd for thermal power and 14 bgd for hydropower, and
0.15 bgd for rural and agricultural use including 2.3 mgd for supplemental
irrigation of about 11,000 acres. Use in general expected to double by 1980.
Ground-water use in 1960 about 610 mgd, 200 for municipalities, 280 for selfsupplied industries, 120 for rural use, and 1.1 for irrigation; about half the
total was pumped in Chicago, East St. Louis, and Peoria areas.
Principal aquifers are glacial drift, sandstone, and dolomite in northwestern,
northern, and northeastern parts of State and glacial outwash along Illinois,
Mississippi, Wabash, and Kaskaskia Rivers. Western and southern parts of
State generally lack large ground-water supplies except in alluvium along large
streams.
State active in investigating water resources and in pollution abatement and
considers water situation under control.

Illinois is a largely flat to gently rolling State, underlain by
Paleozoic sedimentary rocks which are mantled by glacial drift
except in the northwesternmost corner and southern tip. Thus it
is largely in the Glaciated Central ground-water region as defined
by Thomas (1952a).
The precipitation ranges from about 32 inches in the north to
about 46 inches at the southern tip and averages about 37 inches. The
runoff ranges from perhaps as little as 7 or 8 inches in the northwestern part to perhaps 16 inches in the southernmost part and
averages about 10 inches. Thus the total runoff from the State's
56,400 square miles is about 27 bgd. The State estimates its total
water supply, including its share of the flow of the Mississippi River
on the west and the Wabash and Ohio Rivers on the east, and its
* Based largely on report prepared by C. L. R. Holt, Jr., from data supplied by
H. F. Smith, Head, Engineering Section, Illinois State Water Survey, and G. B. Maxey,
Head, Ground Water Geology Section, Illinois State Geological Survey; and on Illinois
report to Senate Select Committee on National Water Resources (State Officials,
1960, p. 59-62).
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diversion from Lake Michigan, at 43 bgd (State Officials, 1960, p.
59).
The State is largely in the Till Plains section of the Central
Lowland physiographic province. The northwest corner is in the
so,-called Wisconsin Driftless section, and a belt about 30 to 40 miles
wide parelleling the Lake Michigan shore in the northeast is in the
Eastern Lake section. The southernmost dozen or so counties are
largely in the Interior Low Plateaus and Ozark Plateaus provinces,
and a strip a few miles wide on the north side of the Ohio River
is in the Upper Mississippi Embayment of the Gulf Coastal Plain.
Illinois is typical of a sizable area in the Midwest, underlain by
Paleozoic sedimentary rocks which generally dip gently but locally
dip steeply and which are mantled by glacial drift. Its precipitation
and runoff are not as large as those of some States to the south, but
its climate is cooler and the net result is a moderately generous
overall water supply. Ground water in at least small quantities is
not difficult to get. The rural areas are intensively farmed but are
not yet irrigated on a substantial scale. Thus their present water
needs are met without much difficulty. Some of the towns and cities
that have installed public ground-water supplies have had difficulty
in getting productive wells yielding good water at reasonable cost,
however.
The northern and especially the northeastern parts of the State
are intensively industrialized and urbanized, but these are the parts
of the State where water supplies are comparatively abundant. Even
so, water of the desired quality in the desired quantity is not always
easy to get at low cost, though it can always be had for a price.
GROUND-WATER RESOURCES, DEVELOPMENT, AND PROBLEMS

Nearly all the rock formations underlying Illinois above the Precambrian basement rock contain water-bearing members. The quantity and quality of the water and the depth necessary to drill wells
vary considerably, however.
As in other glaciated States of the Midwest, the glacial drift is a
highly important aquifer. Because in about two-thirds of Illinois
the drift is thin and relatively unproductive or, in a small part of
the State, missing the Paleozoic bedrock is perhaps equally important in the State as a whole. Even in the northeastern third of the
State where the drift is thickest and most productive, bedrock
aquifers are extensively used.
Alluvium in the form of glacial outwash sand and gravel, within
or in valleys cut into less permeable drift, is the principal aquifer.
Alluvium of postglacial age is absent, thin, or of relatively low permeability in most places. Even the alluvium in valleys crossing or
bounding the unglaciated southern tip of the State is largely of
glacial origin.
671316 O 63
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The most productive outwash is that in "watercourses" along the
largest streams, especially the Illinois and Kaskaskia Rivers within
the State and the Mississippi on the west and Wabash and Ohio on
the east. In these and smaller valleys occupied by streams of substantial flow, large supplies can be obtained by induced infiltration
where the outwash is thickest and most permeable, although locally
fine-grained sediments in the stream bottoms impede the infiltration
of stream water to the ground. The Peoria area is an example
(Suter, Max, in Horberg and others, 1950, p. 93; Suter and Harmeson,
1960).
An ancient valley of the Mississippi leaves the present valley at
Rock Island and flows eastward to the "big bend" on the Illinois
River at Hennepin and thence runs southward along or near the
Illinois valley (Horberg, Leland, in Horberg and others, 1950, p. 26).
The valley contains permeable alluvium which is a good aquifer,
although in stretches of the valley not now occupied by sizable
streams the recharge is not as abundant as it is along watercourses.
The Paleozoic rocks of Illinois dip generally inward from structurally higher areas in adjacent States, forming what is called the
Illinois basin. The rocks cropping out at the surface or lying just
beneath the glacial drift in all but the northernmost and northeasternmost parts of the State are shale, sandstone, limestone, and
coal of Carboniferous (Mississippian and Pennsylvanian) age. The
Carboniferous rocks are not outstanding as water bearers, but
because they form the bedrock in the part of the State where glacial
drift is thin or absent they are important aquifers. Locally, yields
of several hundred gallons per minute are obtained from wells in
limestone or sandstone of the Carboniferous, but in general the
yields are smaller. The water is hard, like nearly all ground water
in Illinois, and in most places it is moderately mineralized though
in a few it is as good as any ground water in the State.
The Carboniferous rocks feather out to the north and northeast,
and from beneath them crop out rocks of Devonian, Silurian, and
Ordovician age, which form the bedrock beneath the drift in the
northern and northeastern parts of the State. The Devonian and
especially the Silurian rocks include beds of water-bearing limestone and dolomite ("magnesian limestone") and are important
aquifers. They yield as much as several hundred gallons per minute
to wells a few hundred feet deep. The water is hard and rather
commonly is high in iron and hydrogen sulfide. Southwest of the
line where these rocks pass beneath shale at the top of the Devonian
or shale of Mississippian age, they are no longer in direct contact
with their source of recharge, the glacial drift. Thus the circulation
of water in them is reduced. The effect of the reduced circulation
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is to reduce the permeability because the crevices have less opportunity to be enlarged by solution of the carbonate rock. Another
effect is depreciation of the quality of the water because the water
has more time to dissolve objectionable constituents such as iron.
Thus both the yield and the quality are poorer to the southwest.
Below the Silurian* rocks is a thick section of Ordovician and
Cambrian rocks which includes important aquifers. In downward
order these include (1) dolomite and limestone, (2) the well-known
though not especially productive St. Peter Sandstone, and (3) interbedded dolomite and sandstone, all of Ordovician age; and (4) a
succession of Cambrian rocks beginning at the top with dolomite and
passing downward into interbedded dolomite and sandstone, the
sandstone becoming more important and the dolomite less important
with depth. A few hundred feet below the top of the Cambrian rocks
is the sandstone known in Illinois as the Ironton-Galesville, the
most important single sandstone in what the State calls the "Cambrian-Ordovician aquifer." Below the Ironton-Galesville is a series
of beds of shale, siltstone, and sandstone; and then, at the bottom
of the Cambrian section, the important aquifer known in Illinois
as the Mount Simon, which includes the Mount Simon Sandstone
and the lower part of the overlying Eau Claire Sandstone. This
aquifer is hydrologically separated from, or at best poorly interconnected with, the higher aquifers and is discussed separately from
the Cambrian-Ordovician aquifer.
The water of the Cambrian-Ordovician aquifer is typically hard
and moderately mineralized. As in the Silurian and Devonian
rocks, it becomes more mineralized downdip, and also with depth.
The transition with depth is sharp in places. For example, in the
Chicago area the mineral content of water in the Cambrian sandstones increases rapidly below a depth of about 1,275 feet below
sea level, the chloride content increasing at the rate of about 400
ppm for each 25 feet of increased depth. The downdip increase
in mineralization makes the water in the Cambrian and Ordovician
rocks unusable for ordinary purposes south of a line extending
from near the latitude of the south line of Iowa east-northeastward
a little south of the east-west stretch of the Illinois River to the
Indiana line a little south of Chicago. Even in the area north of
that line the water that is pumped commonly exceeds the Public
Health Service's recommended standards for dissolved solids (500
ppm) and some other constituents, but it is used nevertheless.
Wells that tap the Cambrian-Ordovician aquifer are generally
cased through the glacial drift. Some are cased through the Devonian
and Silurian also. Many are cased in the Maquoketa Shale at the
top of the Ordovician, because the shale tends to cave. Otherwise
they are open to all the rocks they penetrate. The Ironton-Galesville
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Sandstone is the most important single aquifer in such multiaquifer
wells, but the dolomites above that sandstone and below the Maquoketa Shale yield more water than they were formerly thought to do.
Some deep wells extend into the Mount Simon aquifer. They are
generally open to the water-bearing rocks above, though some are
cased down to the Mount Simon to take advantage of its head,
which in some places is higher than that of the Cambrian-Ordovician
aquifer. A large part of the water pumped from the Mount Simon
is taken from deep wells in the Fox River valley west of Chicago.
The use of fresh water in the State in 1960 is summarized in the
following table, in millions of gallons per day (MacKichan and Kammerer, 1961b).
Use

Ground voter Surface water

Total

Public supply..._________________________
Self-supplied industries (excluding fuel-electric power generation)_________________
Fuel-electric power generation.--.-.-------Rural. ________..-___________________'_____
Irrigation.._.-._-.__-___.___-_._..___._._

200

1,400

1,600

280
8
120
1.1

1, 800
9,700
30
1.2

2, 100
9,700
150
2.3

totals (rounded)...___.._...___.__.

610

13,000

14,000

In addition, about 40 mgd of saline ground water was used for
industrial purposes, and about 14 bgd of fresh surface water was used
for hydropower generation.
The estimated use of ground water in 1959 in the three areas of
heaviest pumping was as follows, again in millions of gallons per day.
Area
Industrial Municipal Rural
Chicago (including Joliet area and Fox
Valley)--....__.___._.____.....___._
43.2
80.9
13.8
East St. Louis...-_..___.-_..---_-_-_.-_
95.2
5.5 _.. _.
Peoria-Pekin__-_---_.-_._______________
38.4
23.7 ______

Total
137.9
100.7
62.1

Industrial uses of ground water each of which accounts for at
least 4 mgd per area are as follows: Chicago metalworking, chemical manufacturing, and food processing; Peoria paper manufacturing, distillation of liquor and of certain industrial chemicals from
grain, and food processing; East St. Louis oil refining, production
of gas and electricity, paper manufacturing, metalworking, chemical
manufacturing, and meatpacking.
AREAL SUMMARIES

NORTHERN ILLINOIS, INCLUDING CHICAGO, JOLIET, AND FOX RIVER VALLEY

Chicago and about 65 other municipalities in northeastern Illinois
obtain their public supplies from Lake Michigan, but many industries in Chicago and other communities and some municipalities
use ground water. About three-fifths of the ground water comes
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from glacial drift and shallow carbonate rocks and two-fifths from
the deeper aquifers, especially the Cambrian-Ordovician aquifer.
Pumping from the Cambrian-Ordovician aquifer has lowered
water levels to more than 600 feet below the land surface in some
places. In October 1960 they were as little as 34 feet above sea level
in a small area in the vicinity of Summit and as little as 50 feet
above sea level in a small area southwest of Joliet (Sasman and
others, 1961, p. 39-40, fig. 10). (Lake Michigan is about 581 feet
above sea level.) These are "static," or nonpumping, water levels;
in the pumped wells there is the normal drawdown below the static
level more than 100 feet in some wells and water was being lifted
from depths as great as 800 feet below the land surface in 1959. In
1959-60 the decline in water levels in the Cambrian-Ordovician
aquifer in the six principal pumping centers in the Chicago region
ranged from 11 to 18 feet and averaged 13 feet. The average annual
decline in the region in 1945-59 had been about 10 feet (idem, p. 3).
In 1960 the total pumpage from deep wells in the Chicago region
was about 91.7 mgd, representing an increase over the total of 76
mgd in 1958 and 88 mgd in 1959. About 52.3 mgd came from the
Cambrian-Ordovician aquifer and a total of about 39.4 mgd from
the Silurian dolomite above and the Mount Simon aquifer below.
The distribution between the Silurian and Mount Simon in 1960 is
not known; but in 1959, when the total was about 38 mgd, about 24
mgd came from the Silurian and 14 mgd from the Mount Simon
(idem, p. 10).
According to calculations in Suter and others (1959, p. 66), the
practical sustained yield of the Cambrian-Ordovician aquifer is
about 46 mgd; and, if pumping were held at this rate, static water
levels would eventually become stabilized at about 100 feet above the
top of the Ironton-Galesville Sandstone, and pumping levels in most
wells would be within a few feet of the top of the sandstone. If
pumping were not stabilized but continued to increase at the rate it
had up to 1958, it would reach 92 mgd by 1980. By that time the
static water level of the Cambrian-Ordovician aquifer would have
declined as much as 300 feet more and the upper part of the aquifer
would have been unwatered (idem, p. 65-66).
Sasman and others (1961, p. 3-4) point out that the pumpage in
1959 and 1960 not only reached but exceeded the practical sustained
yield; and that, if the trend as-of 1960 continues, the lowest and
most permeable part of the aquifer will begin to be dewatered in
many areas much sooner than was previously anticipated. Pumping
levels 1,000 feet or more below the land surface will be common
within 20 years if the trend continues.
The computations by Suter and others assume an average decrease
of 15 percent in the specific capacity of wells tapping the Cambrian-
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Ordovician aquifers as a result of the dewatering of the rocks above
the Ironton-Galesville Sandstone that would occur eventually as a
result of pumping at the sustained yield of 46 mgd. According
to Walton and Csallany (1962, p. 26-27), later work has shown that
the average specific capacity may decrease by as much as 50 instead
of 15 percent. On the other hand, leakage through the Maquoketa
Shale as described by Walton (1960) was not considered in the report
of Suter and others, and the leakage is expected to balance the effect
of dewatering so that the practical sustained yield will remain at
about 46 mgd (Walton and Csallany, 1962, p. 27). The sustained
yield could be increased by shifting centers of pumping westward
and by spacing deep wells more widely, but of course this is easier
said than done.
The glacial drift and "shallow dolomite" offer opportunities for
increased development. In 1957 about 75 mgd, more than half the
total pumpage in the Chicago region, came from the drift and dolomite. About 14 mgd came from wells finished in drift, 41 mgd from
wells ending in the Silurian dolomite, and about 20 mgd from the
Silurian dolomite through deep wells open in shallow aquifers. There
seem to have been no persistent declines in water level, as the drift
and in turn the dolomite are recharged locally and the water levels
respond promptly to heavy precipitation. The State considers that
the potential yield of these aquifers is considerably greater than
the 75 mgd of 1957 (Suter and others, 1959, p. 74). The rising cost
of pumping from the Cambrian-Ordovician aquifer is tending to
discourage the drilling of deep wells and to encourage the use of
water from shallow wells and, where obtainable, water from Lake
Michigan. In 1958 it was expected that the rate of increase in withdrawal from the Cambrian-Ordovician aquifer might drop off and
the pumping; might become stabilized at the practical sustained rate
by about 1965. Instead, the practical sustained rate was exceeded in
1959, the very next year. It is of course certain that the rate cannot
be exceeded indefinitely.
EAST ST. LOUIS AREA

The East St. Louis area (Searcy and others, 1952; Bruin and
Smith, 1953; Bergstrom and Walker, 1956) is the second most
heavily pumped ground-water area in Illinois. The reported 1959
pumpage of about 101 mgd was used mostly (95 mgd) by selfsupplied industries. The water in the East St. Louis area comes
almost entirely from alluvium, chiefly glacial outwash, beneath the
Mississippi River valley floor. The pumping, though heavy, to
date has not depressed the water table enough to induce large-scale
infiltration from the river. There is some local overpumping where
wells are crowded and relatively far from the river. Large additional supplies are available from wells near enough to the river
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to induce infiltration or from wells distant from present centers
of heavy pumping.
PEORIA-PEKIN AREA

The Peoria-Pekin area (Illinois State Water Survey Division,
1940; Horberg and others, 1950; Suter and Harmeson, I960) is a
fast-growing, highly industrialized area which in 1959 was using 62
mgd of ground water. About five-eighths of the water was pomped
by industries and three-eighths by municipalities. The water is
pumped from alluvium, largely of glacial origin.
Between 1933 and 1943 the water levels in wells in the heavily
pumped districts declined as much as 40 feet, in places leaving less
than 20 feet of saturated sand and gravel above bedrock. Studies
made over a period of years by the State Water Survey (Snter and
Harmeson, 1960) .showed that artificial recharge of Illinois Eiver
water through pits was practical. Costs are lower than those of
treating river water for direct use, and the temperature of the
recharge water when pumped from wells fluctuates less than that
of water taken directly from the river, owing to the leveling-out
effect of the heat-storage capacity of the water and the rock particles in the aquifer. The studies have provided a practical means
of stabilizing well yields and water levels in the heavily pumped
districts.
The studies have shown also that induced infiltration from the
river is impeded by fine-grained sediments in the river bottom,
deposited largely as a result of the slowing of river flow by navigation dams. Thus, this is one "watercourse" where induced infiltration is not an automatically assured means of developing large
supplies of ground water.
OTHER AREAS

Local overpumping in the Champaign-Urbana area has been
largely remedied by development of new ground-water sources outside the heavily pumped localities. Several other cities have shifted
from ground water to surface water for public supply as pumping
gradually outstripped the capacity of local aquifers and the cost
of developing ground water from more distant sources proved to
exceed that of treating surface water. These include Springfield,
Bloomington, Decatur, and several smaller cities and towns. The
choice between increasing ground-water development and shifting
to surface water will be faced in other growing communities, and
hydrologic studies in each area will be needed as a basis for comparing costs.
GROUND -WATER STUDIES

Ground-water studies in Illinois are made by two State agencies,
the Geological Survey and Water Survey Divisions of the Department of Eegistration and Education. The Geological Survey Divi-
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sion makes geologic and geophysical studies of the occurrence and
general availability and quality of ground water. The Water Survey
Division makes quantitative studies in problem areas and also pays
particular attention to quality-of-water problems and to water supplies for municipal use. The agencies make cooperative studies in
certain areas, such as that in the Chicago region (Suter and others,
1959).
Several of the older reports of the U.S. Geological Survey contain
information on ground water in Illinois. These include a report on
the water resources of the State by Leverett (1896), a report on
wells in a monograph on the Illinois glacial lobe (Leverett, 1899c),
a report covering the Mississippi Embayment part of Tennessee,
Kentucky, and Illinois (Glenn, 1906), and a report on the Peoria
quadrangle (Udden, 1912). A more recent report is that previously
cited on the water resources of the St. Louis area, Missouri and
Illinois (Searcy and others, 1952). Another is a report on ground
water in the vicinity of the Argonne National Laboratory of the
Atomic Energy Commission in southeastern Du Page County
(Knowles and others, publication pending). In addition, the Federal Survey in 1900-26 published 12 geologic folios covering 19
quadrangles and containing some information on ground water,
and has published also several reports listing basic information
including records of deep wells, chemical analyses of public water
supplies, and measurements of water levels in a few observation
wells.
In addition to the reports cited previously, the two State agencies
have published brief general reports on northeastern (Bergstrom and
others, 1955), east-central (Selkregg and Kempton, 1958), southern
(Pryor, 1956a), and northwestern (Hackett and Bergstrom, 1956)
Illinois and the northern part of western Illinois (Bergstrom, 1956);
and a generalized report on water and climate in the whole State
(Illinois Division of Industrial Planning and Development, 1958).
Specific areas have received attention in a number of reports:
northeastern Illinois, especially the Chicago and adjacent areas
(Anderson, 1919; Thwaites, 1927; Gerber and others, 1935, 1941;
Hanson and Gerber, 1943; Hanson, 1945; Suter and others, 1959;
Walton and others, 1960; Sasman and others, 1961); the PeoriaPekin area (Udden, 1908, 1912; Illinois State Water Survey, 1940;
Horberg and others, 1950; Suter and Harmeson, 1960); the East St.
Louis area (Bowman and Keeds, 1907; Fenneman, 1911; Suter,
1942; Searcy and others, 1952; Bruin and Smith, 1953; Bergstrom
and Walker, 1956); Cairo and vicinity in southernmost Illinois
(Glenn, 1906; Koos, 1942); the Champaign-Urbana area (Foster
and Buhle, 1951); the Marseilles and Streator quadrangles (Payne,
1942); the Shelbyville area (Hackett, 1956); and the following
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counties: Champaign (Smith, 1950), Lee and Whiteside (Hanson,
1955; Foster, 1956), White (Pryor, 1956b), and Winnebago (Smith
and Larson, 1948; Hackett, 1960). Descriptions of public groundwater supplies are contained in a series of reports (Habermeyer,
1925; Supp. 1, 1938; Supp. 2, 1940; Hanson, 1950, 1958). Unpublished open-file reports of the State Geological Survey Division are
listed by Maxey and Foster (1956). Papers on ground-water hydraulics by State Water Survey Division representatives include those
by Chow (1952) and Walt on (1960).
PROSPECTS AND NEEDS

Illinois' water resources are not as large as those of a number of
other States, but the State's economy is generally prosperous as a
result of good climate and soil, relatively level surface and easy
transportation, and access to the Great Lakes which enabled the
development of the enormous industrial complex of Chicago and
vicinity. Thus, the financial resources have been available to solve
water-supply problems that would have been more formidable if
the economy had not been so advanced. The total estimated water
supply of 43 bgd (State Officials, 1960, p. 59) is considerably in
excess of current use, even including hydropower generation and
even if use is considered on a once-through basis. Actually, there
is already multiple reuse of surface water diverted for public and
industrial supply and power generation, so that the quantity of water
actually used is much less than the total obtained by adding together
the uses for different purposes in separate areas. This is fortunate,
in view of the expected doubling in overall demand by 1980 and of
the fact that some of the total supply, as expressed by runoff, is not
available because it occurs as floodflows that are beyond the storage
capacity of facilities that exist or that conceivably would be
economically feasible to construct.
The State's two major water problems are those of obtaining
water in, or bringing it to, localities where it is needed; and protecting its quality so as to enable the multiple reuse that is the key to
present and future adequacy of the supply. The general answer to
both problems lies in continuation and expansion of the hydrologic
studies needed as a basis for correct choice of water source and
treatment, and in continued development of the economy so that
funds will be available to meet the inevitably higher costs associated
with future greater use of and competition for water. As to protection of quality, the State is a signatory of the Ohio River Valley
Water Sanitation Compact and has set up the State Sanitary Water
Board to handle the problems of both intrastate and interstate
pollution.
The State has adopted the common-law riparian doctrine of water
rights. In 1945 it enacted a statute limiting the use of water to
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beneficial purposes (Mann, 1957, p. 7-8), and it has given consideration to the possible future need for more restrictive legislation
(Illinois Legislative Council, 1948). Pollution of either surface or
ground water, willful or otherwise, has been prohibited by court
decisions going back well into the 19th century (Mann, 1957, p. 8,
21). Logs of wells must be filed with the State Geological Survey
Division, and permits for wells that extend below the glacial drift
into bedrock must be obtained from the State Department of Mines
and Minerals, which determines that the applicable provisions of
the Oil and Gas Conservation Act will be complied with (idem, p.
21). The State's present intention evidently is to attempt to handle
problems of competition for water within the framework of existing
statutes and court decisions, but it seems safe to say that prompt
consideration will be given to additional legislation that may be
needed if the problems worsen to the point the the present practices
appear incapable of handling them.
The State would like to see the water of the Great Lakes developed
more intensively for uses in addition to navigation; it believes that
such multiple use is feasible and can be regulated through compacts
so as to prei^ent adverse effects on both navigation and other uses
(State Officials, 1960, p. 62). The State's general attitude can be
considered to be that the present consumptive use of water from the
lakes could be increased somewhat and that the amount by which it
could be increased without detriment to navigation should be established by means of careful study.
As of 1959, according to an article in the Milwaukee Journal for
May 22 of that year, Chicago was taking about 1,700 cfs from Lake
Michigan for public supply and was discharging the sewage into the
Illinois River; in addition, 1,500 cfs was diverted directly to the
river to dilute wastes and assist navigation, under a U.S. Supreme
Court decree. The only other permanent diversion from the lake in
Illinois consisted of the part of the water withdrawn by industries
and by other cities that was used consumptively before the water was
returned to the lake. The article said that other Great Lakes States
were opposing, in the Supreme Court, a proposal to divert an
additional 25 to 30 cfs for the suburbs of Elmhurst, Villa Park, and
Lombard in Illinois, and in other cases Wisconsin was seeking a
decree ordering Chicago to return its domestic sewage to the lake.
Additional information on the Great Lakes as sources of water, a
matter of the utmost importance to the States adjacent to the lakes,
is found in a "Symposium on Chicago Area Water Supply," held
by the Western Society of Engineers, Chicago, December 19, 1949,
and published in Midwest Engineer, volume 2, number 6, page 6-14,
February 1950; and in a paper by Rynders (1961).
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Midwestern State, mostly glaciated, having moderately large water resources.
Precipitation from as little as about 33 inches to as much as 45 to 50 inches and
averages about 40. Runoff from less than 10 to 16 or 17 inches and averages
about 13, for total of about 22 bgd; water available also from Ohio and
Wabash Rivers and from Lake Michigan. Ground water available mainly in
northern two-thirds of State where glacial drift is relatively thick and productive ; good aquifers in glacial outwash along Wabash, Ohio, White and
East Fork White, and Whitewater Rivers nearly throughout their courses in
or adjacent to State, including unglaciated southern third of State. Bedrock,
especially limestone, locally productive. Ground water mostly very hard.
Total use of fresh water in 1960 about 5,700 mgd, 230 mgd surface water and
130 mgd ground water for public supply, 28 and 110 mgd for rural supply,
5.100 and 140 mgd for industry including 3,200 mgd surface water for publicutility fuel-electric power, and 4.0 and 3.2 mgd for irrigation. About 11 mgd
saline ground water used for industry. Hydropower use about 5.3 bgd. Nearly
three-quarters of ground water from unconsolidated deposits; rest from bedrock.
Chief problems involve control of floods and pollution, and storage and distribution of water. State favors multiple-purpose projects making best use
of available reservoir sites, which are not abundant because of low relief
and extensive occupation and utilization of valleys. Substantial ground-water
information available for areas studied recently; information on rest of State
inadequate and needs to be supplemented or updated.

Indiana is flat to gently rolling and only locally hilly. Its area is
86,291 square miles. It lias a rather large population and is intensively developed for both farming and industry. It is 38th in size
among the 50 States but llth in population and among the first 8
in annual value of farm products and value added by manufacture.
Its water resources are moderately large and should be adequate for
future demands if problems of floods and pollution and of storage
and distribution of water can be solved.
Indiana is underlain by strata of Paleozoic age which dip gently
except locally, mantled except in the south-central part by glacial
drift. The bedrock strata in the southwestern two-thirds of the
State dip southwestward from a structural arch into the Illinois
basin. The arch begins on the southeast as the Cincinnati arch and
passes northwestward into the Kaiikakee arch, which runs to the
northwest corner of the State. Along the arch the strata are virtually flat; to the northeast they dip into the Michigan basin. They
consist of limestone, shale, and sandstone and in the southwestern
part of the State include important beds of coal. The chief aquifers
are limestone and sandstone.
The drift is largely that of the last two glaciations of the Pleistocene Epoch the Illinoian and Wisconsin. Small patches of what
may be a still older drift crop out from beneath the Illinoian in
southern Indiana. The Illinoian and older drift covers the bedrock
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throughout the State except for a roughly triangular unglaciated
area of about 5,000 square miles in the southwest-central part, extending northward to the Brown-Johnson County line about 25 miles
south of Indianapolis. The Wisconsin glacier did not advance so far
southward, stopping along an irregular line running northeastward
from Terre Haute about 30 miles, turning southeastward and nearly
reaching the Illinoian border at the Brown-Johnson County line
and continuing another 25 miles to the southeast, turning northeastward and running about 50 miles to Fayette County, and then running southeastward out of the State a little north of the Whitewater
River.
The Illinoian drift where exposed is rather thin and clayey and
not a good aquifer. Where both drifts are present north of the Wisconsin border the total thickness is considerable and there is a substantial content of permeable sand and gravel, overlying, interbedded
with, or underlying less permedble drift. The average thickness of
the drift in upland tracts in northern Indiana exceeds 100 feet, and
the thickness is as great as 300 to 500 feet along preglacial valleys
cut into the bedrock. Northern Indiana and the Lower Peninsula of
Michigan have a greater average thickness of glacial drift than any
other area of comparable size in the conterminous United States
(Leverett, Frank, in Leverett and Taylor, 1915, p. 61).
South of the Wisconsin border, in both glaciated and unglaciated
areas, important deposits of alluvium, mainly of glacial origin, lie
along the large streams the Wabash River along the west edge of
the State, the Ohio River along the south, the White River and East
Fork White River in the middle, and the Whitewater River in the
east.
The average annual precipitation increases southward from about
33 inches at the northeast and northwest corners to a little more than
40 inches at the southeast and southwest corners and 45 to 50 inches
at the south-central edge and averages about 40 inches (Perrey and
others, 1951, p. 18-19). The average annual runoff is a little less
than 10 inches in the northeast and extreme northwest and increases
with the precipitation to about 16 or 17 inches along the south edge;
it averages about 13 inches for a total supply of about 220 million
gallons per year per square mile (State Officials, 1960, p. 63), or about
22 bgd for the State as a whole. Some water from outside the State
is available in the Wabash and Ohio Rivers and Lake Michigan.
GROUND-WATER RESOURCES AND DEVELOPMENT

Indiana has substantial ground-water resources, especially in the
northern two-thirds where the glacial drift is relatively thick. The
resources in the southern third of the State are small to moderate,
except along the valleys of the large streams that contain productive alluvium.
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The bedrock in the State is not very productive in most places,
but locally where freely recharged from glacial drift it is moderately
to highly productive; parts of the Indianapolis area are an example
(McGuinness, 1943).
The most productive bedrocks are limestone and dolomitic limestone of Silurian and Devonian age. Sandstone and locally limestone beds of Carboniferous (Mississippian and Pennsylvanian) age
are important aquifers in the southwestern part of the State, but
chiefly because they are about all that is available rather than that
they are especially productive. The sandstones of Cambrian and
Ordovician age that are so important in northern Illinois are of
little significance in Indiana, as they are generally thinner and less
permeable than in Illinois and their water is saline nearly everywhere.
The ground-water resources are described in several very old
reports and a larger number of newer ones. The old ones include
those of Leverett (1897, 1899a, b). The report by Leverett and
Taylor (1915) on the Pleistocene of Indiana and Michigan and the
history of the Great Lakes contains a great deal of useful information relating to ground water. Reports by Logan (1926, 1931) provide background on the consolidated rocks. Capps (1910) described
the ground water in a strip 2 or 3 counties wide in north-central
Indiana extending from the Michigan line southward to include
Marion County (Indianapolis) and the adjacent counties on the east
and west. Harrell (1935), in what was essentially a compilation of
available published material, described the ground-water resources
of the State county by county. McGrain (1951) in a brief but informative paper described the ground-water provinces of Indiana.
Reports on counties or smaller areas include those listed below. Unless
indicated otherwise, the reports describe the ground-water resources; preliminary reports are indicated by "(prelim, rept.)". "Bull. No." refers to the serial
number of «a bulletin of the Division of Water Resources of the Indiana
Department of Conservation, the principal agency cooperating in the groundwater studies.
County, area, subject

Adams._____-___________
Bartholomew, Columbus area.
Boone__-______-___-_-_-__
Clay (prelim, rept.)_________
Fountain__________________
Fulton (prelim, rept.)_______
Grant, Gas City area (includes
discussion of quantitative
methods).
Greene (prelim, rept.)_____._
Jasper (prelim. rept.)_ ______
Lake (prelim, rept.)_________

Butt.
No.

Author(s)

Year

9
____
4
16
28
20
1

Watkins and Ward.__
Klaer and others. ____
Brown_ _____________
Watkins and Jordan__
_____do_____________
Rosenshein and Hunn_
Ferris_______________

1962.
1951.
1949.
1962b, in press.
1962h,in press.
1962d, in press.
1945.

11
25
10

Watkins and Jordan__
Rosenshein and Hunn_
Rosenshein. _________

1961.
1962g, in press.
1961.
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Butt.
No.

County, area, subject

La Porte (prelim, rept.)----Marion, Indianapolis area..Do. (water resources).__
Marshall (prelim, rept.)----Miami, Peru area, Bunker
Hill Air Force Base.
Montgomery.._____________
Newton (prelim, rept.)______
Noble_-___-_____-_._______
Owen (prelim, rept.)________
Parke (prelim, rept.)________
Porter (prelim, rept.) _______
Pulaski (prelim, rept.)_____
Putnam (prelim. rept.)______
St. Joseph, South Bend area.
St. Joseph (prelim, rept.).___
Scott, Scottsburg area_______
Starke (prelim, rept.) _______
Sullivan (prelim. rept.)-_____
Tippecanoe_ _______________
Tippecanoe (ground watersurface water relations).
Vermillion_________________
Vigo, Terre Haute area, Vigo
Ordnance Plant.
Vigo (prelim. rept.)__------Wayne, Richmond area.____

Author(s)

Year

27
26
5
18
23
12
24
21
3
15
____
22
14
8
____

Rosenshein and Hunn_
McGuinness. ________
Roberts and others.__
Rosenshein and Hunn.
Watkins and Rosenshein.
Watkins and Jordan._
Rosenshein and Hunn_
Stallman and Klaer_
Watkins and Jordan._
_____do_____________
Rosenshein __________
Rosenshein and Hunn.
Watkins and Jordan._
Klaer and Stallman_
Rosenshein and Hunn.
Klaer_______________
Rosenshein and Hunn_
Watkins and Jordan._
Rosenshein-_________
_____do--__--_---__-

1962a, in press.
1943.
1955.
1962c, in press.
Publication
pending.
1962g, in press.
1962h, in press.
1950.
1962d, in press.
1962f, in press.
1962, in press.
1962f, in press.
1962e, in press.
1948.
1962b, in press.
1945.
1962e, in press.
1962a, in press.
1958.
1959.

29
____

Watkins and Jordan._
Ferris and Klaer_____

1962i, in press.
1944.

17
____

Watkins and Jordan._
McGuinness. ________

1962c, in press.
1942.

13
____
____
19
____

The ground water can be described in accordance with the geologic
unit in which it occurs, and this plan is followed below, the units
being listed in general order from younger to older.
TTNCONSOLIDATED DEPOSITS
SURFICIAL OUTWASH OF WISCONSIN AGE

The out wash of Wisconsin age as described here excludes the
deposits along the Ohio River, whiqh are principally outwash but
may include Illinoian outwash and perhaps pre-Pleistocene alluvium
as well as Wisconsin outwash. It excludes also the large sandy
plains in the basins of the Kankakee and St. Joseph Rivers in northern Indiana, outwash along a few other streams north of the Wabash
River basin, and sandy lake-plain deposits along Lake Michigan.
In general order from north and west to south and east the Wisconsin
outwash includes (1) deposits along the main stem of the Wabash
River, including a section of the ancient glacial spillway now occupied by the northeastward-flowing Maumee River northeast of Fort
Wayne; (2) deposits along the Eel River (north), a tributary of
the Wabash, in north-central and northeastern Indiana; (3) deposits
along short tributary valleys now occupied by Wea Creek southeast
of Lafayette and by Sugar and Raccoon Creeks in Parke County

INDIANA

323

northeast of Terre Haute; (4) deposits along the White River and its
tributary the Eel Kiver (south) and the East Fork White Kiver
and tributaries including Sugar Creek, the Blue River, Brandywine
Creek, Haw Creek, and Flatrock Creek; and (5) deposits along the
Whitewater River and tributaries. All these streams received outwash from the Wisconsin glacier at one or more times.
The outwash is capable of moderate to large yields of hard water
ranging in dissolved-solids content from less than 500 to about 1,000
ppm. Most of the length of the outwash-filled valleys is occupied by
perennial streams from which recharge can be induced, as at Lafayette (Rosenshein, 1959, p. 509) and Indianapolis (McGuinness, 1943,
p. 23-24). In the headwater stretches of the smaller tributaries the
amount of water available by induced infiltration of course is small,
especially during dry weather. At such times the water in the streams
represents ground-water discharge, and to induce recharge of this
water represents only recovering what was once in the aquifer
anyway.
The deposits as described yielded about 120 mgd to wells in 1960.
The demand on them is expected to double, as least, by 1975. They
are capable of even greater yields, so long as wells are kept adequately
spaced not an easy thing to do when water is desired in a locality
where there are already many wells.
GLACIAL DEPOSITS OF THE WISCONSIN DRIFT ABEA, TTNDIFFEBENTIATED

The undifferentiated deposits as defined include outwash in beds,
lenses, and channel deposits incorporated within or lying at the
base of the drift in the Wisconsin drift area in the northern twothirds of Indiana. For the purpose of this report they include also
the surficial (but locally thick) sandy and gravelly deposits in
northwestern Indiana, mainly in the Kankakee River basin but also
in the basin of the St. Joseph River, which extends almost to the
northeast corner of the State. The surficial deposits are recharged
freely from precipitation and locally can be recharged from streamflow, and where they are thick they may be very productive. The
buried deposits are less directly recharged, but even the tightest
drift transmits considerable water to them when their head is drawn
down by pumping, and collectively they represent a highly important
source of water in the northern two-thirds of Indiana.
The undifferentiated deposits include buried Illinoian deposits as
well as Wisconsin, and in places these may be as important as or
more important than the Wisconsin. It is difficult to identify the
Illinoian deposits in wells, and hydrologically there is generally no
reason to attempt to do so.
Deposits beneath the clayey part of the drift include "advance,"
or "proglacial," outwash material deposited in existing and newly
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formed valleys by the melt waters of the advancing glacier. The
deposits doubtless include also some even older alluvium deposited
in preglacial valleys, such as that of the ancient Teays River (also
called the Mahomet River). The river originated in northwesternmost North Carolina and flowed northwestward across Virginia,
West Virginia, and Ohio, entering Indiana south of Decatur in
Adams County, passing generally westward, and leaving the State
in Warren County west of Lafayette (Norris and Spicer, 1958, fig.
16). These deep preglacial valleys generally contain deposits that
are finer grained than the younger alluvium of glacial origin, and
that are not as productive as might be thought from their extent and
thickness.
The undifferentiated deposits of the Wisconsin drift area yielded
about 150 mgd to wells in 1960. The water is hard and some of it
contains more than 1,000 ppm of dissolved solids. The potential
yield is much greater, if wells are distributed widely. Locally the
deposits may be replenished from streams or lakes whose bottoms
extend into the permeable members or are separated from them by
small thicknesses of less permeable drift. In general, however,
because of their greater isolation from sources of recharge, the buried
deposits have a smaller potential than those of the surficial outwash
described in the preceding section.
The permeable surficial material included in this report with the
undifferentiated drift of course has a large potential, even where
induced recharge from surface streams is not possible. In the flat,
sandy Kankakee plain, for example, the replenishment of ground
water from precipitation, though not determined exactly, probably
approaches a million gallons per day per square mile. The geohydrologic conditions are like those in the similarly flat, sandy
northern part of the Delmarva Peninsula southern Delaware and
the Eastern Shores of Maryland and Virginia where about half
the annual precipitation of 45 or 46 inches reaches the water table
a little more than 1 mgd per square mile (p. 240; see also Rasmussen
and Andreasen, 1959). In the Delmarva area about half the ground
water is discharged by evapotranspiration and half seeps to streams.
In the Kanakakee plain, the quantity of ground water that escapes
evapotranspiration and reaches the stream amounts to about 8 inches
of water per year over the drainage area of the Kankakee River
above Shelby, Lake County (Klaer, 1950, p. 9) about 375,000 gpd
per square mile.
UNCONSOLIDATED DEPOSITS OF THE ILLINOIAN DRIFT AREA

The Illinoian drift lies at the surface in the glaciated part of the
southern third of Indiana. The area is nearly split in two by the
driftless area because the Wisconsin drift nearly overlaps the
Illinoian, as mentioned previously. The Illinoian drift is generally
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rather thin and clayey and contains relatively few beds of sand and
gravel. These yielded a total of only about 5 mgd in 1960, mainly for
farm use but also for a few municipalities and industries. In the
Illinoian area ground water is pumped also from the surficial outwash, especially that of the White, East Fork White, and Whitewater
Eivers and their tributaries as described previously, and also from
bedrock as described beyond. Water from streams, reservoirs, and
farm ponds is used extensively.
The 5 mgd of ground water pumped in 1960 represents only a
small part of the total that could be pumped from wells distributed
over the entire area, but considerable test drilling or geophysical
exploration and drilling of many hundreds of production wells
would be necessary to exploit the supply, fully.
Locally alluvium of nonglacial origin underlies the valleys of
tributaries that enter the main streams from the south in the driftless area. This alluvium generally is fine grained and not an
important aquifer, but in a few places it yields moderate supplies.
The ground water of the Illinoian drift area, though hard,
generally contains less than 500 ppm of dissolved solids, partly
because the drift is thin and water does not move far through it
before emerging, and partly because the drift is older than the
Wisconsin and has had more time to be leached of its more soluble
constituents.
DEPOSITS OF THE OHIO BIVEB VAIXET

The alluvium along the Ohio River, which is mainly glacial outwash but which includes some alluvium of nonglacial origin, is one
of the most productive aquifers of Indiana and other States along
whose borders the river flows. This is because the river carried
enormous quantities of water and rock debris from melting glaciers
all along its course, and because the river itself is a ready source of
recharge in the long stretches of the valley where the alluvium is
both thick and permeable. (But see the discussion of the Peoria area,
Illinois, p. 315.)
Pumpage from the deposits along the Indiana side of the river was
only about 15 mgd in 1960 only a small fraction of the potential
yield, which could approach or even exceed the low flow of the river
if there were enough wells, pumped heavily enough. Of course, the
potential could never be realized because water must be left in the
stream to meet other needs, including those of Kentucky and Illinois;
on the other hand, the use could not conceivably be 100-percent consumptive, so that much water would return to the river to be available for downstream withdrawal.
The potential yield available by induced infiltration is illustrated
by the supply developed for the Indiana Ordnance Works near
671316 O 63
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Charlestown, Ind., upstream from New Albany, Ind., and Louisville,
Ky. There seven "water collectors" vertical caissons from which
slotted pipes are projected horizontally into the water-bearing sand
and gravel had a minimum firm yield of about 55 mgd. A similarly
large supply was developed for the Wabash Ordnance Works on the
Wabash River north of Terre Haute.
BEDROCK
PENNSYLVANIA!? BOCKS

Pennsylvanian strata lie at the bedrock surface in a belt ranging
from one county wide in the north (Warren County on the Illinois
line west of Lafayette) to five counties wide at the southwest end of
the State along the Ohio River. They consist of sandstone, shale,
coal, limestone, and fire clay. The sandstone beds are the chief
aquifers, but beds of coal and limestone yield some water. None of
the rocks are especially productive; well yields are rarely more than
a few tens of gallons per minute. Recharge is slow because of the
prevailingly low permeability of the rocks and the rapid alternation
between strata of moderate and low permeability. The water tends
to be moderately mineralized and to increase in mineralization with
depth; the dissolved-solids content at depths of more than 400 feet
exceeds 1,000 ppm everywhere so far as is known.
The total ground-water pumpage from the Pennsylvanian was
about 20 mgd in 1960. The use in the future doubtless will increase
moderately but probably will never be great. Surface water is the
chief source for large demands; large supplies of ground water are
available also from out-wash along the Wabash, White, and Ohio
Rivers within or at the edges of the area.
MI8SISSIPPIAN BOOKS

Mississippian rocks lie at the bedrock surface in two belts. One of
the belts is east of that of the Pennsylvanian and is of about the
same total area, ranging from about one county wide in the north
to three or four counties wide in the south. The other, about a county
wide, lies at the north edge of the State from La Porte County on
the west to the Ohio line on the east. The belts are on either side of
the Kankakee arch; the rocks of the western belt dip into the Illinois
basin, those on the north into the Michigan basin. The Mississippian
rocks are somewhat similar to the Pennsylvanian but include more
limestone and lack coal. From the top down in the western belt they
include three phases: at the top, sandstone and limestone which yield
small supplies of water; in the middle, limestone which yields small
to moderate supplies; and at the bottom, sandstone which yields
small to moderate supplies and shale which yields little or nothing.
Some areas where limestone crops out have largely subterranean
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drainage, which shows that the rock is rather cavernous, but this fact
does not make good wells easy to locate, and the cavernous rock
tends to drain out in dry weather.
The ground water is hard and moderately mineralized; that at
depths of more than a few hundred feet is highly mineralized.
The total pumpage of ground water from the Mississippian in
I960 was about 15 mgd; the pumpage may increase somewhat but
probably will never be great. Surface water can be developed by
means of properly located reservoirs, especially in the southern part
of the belt where runoff is greater and good reservoir sites are more
numerous because of greater relief of the land surface. Ground
water is available also from outwash along the White River, East
Fork White River, and tributaries where they cross the belt; and,
in the northern belt and the northern part of the western, from
the thick drift of the Wisconsin drift area. Outwash along the
Wabash River also is a source in the northern part of the western
belt, and that along the Ohio at the south edge of the belt.
DEVONIAN BOCKS

Devonian rocks lie at the bedrock surface beneath glacial drift in
two belts a couple of counties wide, on either side of the Cincinnati
and Kankakee arches. The belts join in northwestern Indiana. The
southern one passes southeastward through the Indianapolis area
to the Ohio River at Louisville, Ky., where the rocks form the
"falls" in the river. The northern belt runs eastward from the Lake
Michigan shore to the Ohio line northeast of Fort Wayne.
The rocks consist mainly of black shale at the top and limestone
below. The shale is rather brittle and yields a little water from
fractures. The limestone yields moderate and locally large supplies
of moderately mineralized water where it lies beneath thick drift
in the northern and central parts of the State, and small supplies
of water that may be highly mineralized where it underlies thin drift
in the southern few counties of the belt.
The total pumpage from the Devonian in 1960 was about 20 mgd.
The potential yield is much greater, but considerable exploratory
drilling and adequate spacing of wells would be necessary to realize
it. The use is not likely to increase greatly in the near future
because water is available from glacial drift to meet moderate and,
locally, large demands, and the largest demands are generally met
with surface water.
The Devonian limestone is commonly tapped by wells which extend
through it into similar rocks of Silurian age below and obtain water
from those rocks also.
SILTJBIAN BOCKS

Silurian rocks lie at the bedrock surface beneath glacial drift
along the crest or, in the eastern part of the State, on the flanks of
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the Cincinnati arch. They emerge from beneath the Devonian in
western and southern Lake and southwestern Porter Counties, and
in southern Pulaski and northeastern White Counties and adjacent
areas along the Wabash River valley. They form the bedrock surface in nearly all the area south of the Wabash, north of the latitude
of Indianapolis, and northeast of a line running southeastward
about 20 miles northeast of Indianapolis; and also in an irregular
belt along the east edge of the Devonian rocks extending southward
to the Ohio River.
The rocks consist of shaly and dolomitic limestone, dolomite, and
calcareous shale. Where covered by thick drift the limestone and
dolomite yield small to moderate and locally large supplies of moderately mineralized water; where covered by thin drift in the southern part of the State they generally yield small supplies. Locally
the calcareous shale yields enough water for domestic supplies.
The total pumpage from Silurian rocks in 1960 was about 55
mgd, most of it from wells in cities such as Indianapolis in which
the Devonian also yields water. The potential yield is much greater
but the pumpage is not likely to increase greatly in the near future
because of limited yield, or because water is available from other
sources.
OBDOVICIAN BOCKS

Ordovician rocks form the bedrock surface beneath the drift in
a belt one to two counties wide at the east edge of the State, from
Wayne County (at the latitude of Indianapolis) southward to the
Ohio River. They emerge from beneath the Silurian in the deeper
bedrock valleys also, including that of the ancient Teays River in
the east-central part of the State and smaller valleys in Madison
County. They consist of limestone, shale, and some sandstone and
are generally poor aquifers; they yield small supplies which in
places are not even adequate for domestic use. Because the glacial
drift overlying them is also a poor aquifer, except for the out wash
along the Whitewater River and tributaries and along the Ohio
River, surface-water supplies generally must be obtained to meet
sizable demands. The total pumpage from the Ordovician in 1960
was estimated at only 30,000 gpd, and it is not likely to increase
greatly in the future.
PROBLEMS, PROSPECTS, ANT* NEEDS

Indiana's water problems are somewhat similar to those of Illinois
water demands of urban areas increasing, moderately large water
resources but difficulties in matching needs and demands in some
areas, shortages in time of drought and oversupply in wet periods,
and need for control of pollution to enable multiple reuse of water.
Along with the problems goes a need for hydrologic information to
serve as a basis for correct "hydroeconomic" decisions. The State
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has a good basic stream-gaging network but like most other States
needs more and better information on small basins. Ground-water
studies have covered the whole State but the older ones are only
on a reconnaissance scale and are out of date. The cooperative
ground-water program at the current modest scale would require
several decades to produce up-to-date areal descriptive reports on
all parts of the State, by which time the older reports from the
program would need to be updated again.
A number of specific problems are more or less vexing. Ground
water has been contaminated by septic-tank effluent in a few places
in suburban areas, including suburbs of Indianapolis, Garyton, Jeffersonville, and Bloomington (Jordon, 1962). Sewage is disposed of
in coal-mine workings and has contaminated the only usable aquifers
in parts of the Dugger, Hymera, Jasonville, and Linton areas, for
example. Ground water has been contaminated locally by industrial
wastes high in chloride, sulfate, and chromate in such cities as
Indianapplis (including Speedway), Connersville, Elkhart, Kokomo,
and South Bend.
Ground water has been contaminated by oil-field brines, either
rising from deep strata and leaking through unplugged or improperly plugged wells or test holes or seeping from "evaporation" pits,
in places in Cass, Miami, Sullivan, and Vigo Counties and elsewhere
in the lower Wabash River valley.
Coal-mine water, with its typically high acidity resulting from
oxidation of sulfur-bearing material in the coal measures, discharges
to streams and has contaminated aquifers in parts of Clay, Greene,
Sullivan, and Vigo Counties, among others.
Petroleum products leaking from storage tanks have contaminated
ground water locally, as at Elkhart.
There are problems involving control of ground-water and lake
levels for purposes which sometimes are conflicting for example,
drainage to reclaim land for cultivation and flood control, which
causes lowering of the level of lakes serving recreational needs.
Problems of drainage are most common in the northern part of
the State, especially in the flat Kankakee plain and in the vicinity
of many small lakes in the relatively hilly glacial-morainic country
of northeastern Indiana.
There is local overdevelopment of ground water. In the early
1940's the downtown area of Indianapolis was overpumped and water
levels were low; since then the center of pumping in the area has
shifted westward and water levels in the downtown area have recovered substantially enough to cause difficulties locally in the construction of foundations and basements of large buildings. Aquifers
of low permeability or storage capacity have been overpumped
locally in such areas as Decatur, Fort Wayne, Huntington, Marion,
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Muncie, and Pendleton, and in numerous places in the southern part
of the State, such as Moores Hill.
Methods of solving all problems described are either self-evident
or could be- worked out with a little study, but this does not necessarily mean that they could be applied at feasible cost. For example, the problem of acid mine water affects coal-mining and other
mineral areas throughout the country, and no easy solution has
been developed so far. For each problem alternate methods of solution and alternate sources of water must be considered, and a
decision made in accordance with the seriousness of the problem as
expressed by the cost of not solving it. In one place a problem of
ground-water contamination may be "solved" by abandoning the
ground-water source and turning to surface water. In another place
the cost of importing surface water may be so great that the
expense of stopping the contamination and clearing up the pollution
is the cheaper alternative. Fortunately, the requisite decisions generally are made early in places where the ground-water supply is
very small and alternate sources are prohibitively expensive.
Indiana has an adequate economic base for undertaking the solution of existing problems and assuring the development of water
to meet future needs, and the State is taking action to provide the
legal machinery necessary as a basis for concrete moxes to secure
future water supplies.
In Chapter 251 of the Acts of 1955, the General Assembly declared
surface waters to be public waters subject to control in the public
interest. This act establishes the basic policy, but the details remain
to be worked out. As competition for water from the streams
increases and as competitive pumping of ground water near streams
develops, complications will arise which no doubt will cause as much
difficulty in Indiana as they have in other States that have tackled
the problem of equitable apportionment of available water supplies.
Chapter 251 established a study committee, whose report was made
at the end of the next year (Indiana Water Resources Study Committee, 1956). The report describes the State's water resources and
problems and provides general guidelines for solutions.
There is already some control of ground water, as ^ described
beyond, but as yet no legislation specifically recognizing interconnection of surface and ground water and providing for resolution
of problems of competition that will inevitably arise. There has
been some study of ground water-surface water relations at Columbus, Covington, Evansville, Indianapolis, Lafayette (Rosenshein,
1959), Lawrenceburg, Reedsville, Richmond, South Bend, Terre
Houte, Vincennes, and Yankeetown, but only a small start in what
ultimately must be done.
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Chapter 154 of the Acts of 1947 required that ground water in
excess of 200 gpm used for air conditioning or other cooling purposes
be returned to the ground through recharge wells, or that a permit
to pump the water without recharging it be obtained from the
Department of Conservation. The law was repealed in 1951 by
Senate Bill No. 56, which gave authority to the Department of
Conservation to determine areas of critical ground-water conditions
and, in them, to limit and allocate the use of ground water in the
public interest. New uses greater than 100,000 gpd are affected.
Chapter 309 of the Acts of 1957 spelled out further, with regard
to flowing wells, the policy on control of waste. It refers to potable
water from flowing wells, and also to use of potable water for
"water flooding" oil pools to increase the amount of recovery. It
des not cover flowing impotable water, which locally may contaminate fresh-water aquifers. Such contamination is covered by a
pollution-control law enacted in 1951, however.
There is every reason to believe that Indiana will solve its water
problems and meet its future water needs within the framework of
available water and the growing economy. Water to meet specific
needs will be more difficult that is, more expensive to get than
it has been in the past, but the enterprise that has brought Indiana
to its present rank as an agricultural-industrial State may be
expected to function in the future as in the past in meeting all the
problems water supply among them.
IOWA

Glaciated State of average precipitation but below-average rate of runoff.
Precipitation about 25 inches in northwest to about 35 in southeast and averages about 31. Runoff from 2 inches or a little less to about 3 inches in west
and about 8 inches in southeast; averages about 4.6 inches for a total of about
12 bgd. Water available also from Big Sioux and Missouri Rivers along west
border and Mississippi along east. Leading agricultural State, largely dry
farmed; because of accelerated industrial development in recent decades, value
of industrial production now about twice that of agricultural.
Ground water available from glacial drift over nearly the whole State
but few highly productive aquifers in body of drift. Productive alluvial aquifers largely of glacial origin along principal streams, especially Big Sioux
and Missouri Rivers, Mississippi River, Des Moines River and tributary
Raccoon River, and Iowa, Cedar, and Wapsipinicon Rivers. Buried valleys in
middle and southeastern parts of State yield useful but smaller, less freely
recharged supplies. Paleozoic bedrock contains important aquifers in northeastern two-thirds of State Cambrian and Ordovician sandstone and Ordovician,
Silurian, Devonian, and Mississippian limestone and dolomite. Pennsylvanian
rocks in south-central and southwestern parts of State are poor aquifers.
Cretaceous rocks overlying Paleozoic rocks in northwestern part include Dakota
Sandstone, a moderately productive aquifer.
Total water use in 1960 about 2,000 mgd, 68 mgd surface water and 91 mgd
ground water for public supply, 70 and 120 mgd for rural supply, 1,500 and
74 mgd for industry of which all the surface water except 37 mgd was used
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for public-utility fuel-electric power generation, and 23 and 38 mgd for irrigation. About 34 bgd used for hydropower generation. Overall water use
expected to double by 1980.
Water supply fairly well distributed and precipitation adequate for crop
growth except in droughts; supplemental irrigation growing in western part
of State. Principal problems are flood and pollution control and poor quality
of water in some areas. Ground-water levels declining in a few areas and
will decline in others as development increases. Increasing practice of supplemental irrigation leads to competition among users. State concerned over
future of water of Mississippi River and especially Missouri River in view of
potential depleting uses upstream.

Iowa geologically and hydrologically is rather similar to Illinois
and Indiana. All were largely glaciated and are underlain by Paleozoic rocks that dip gently in most places. All have moderately large
water supplies.
Iowa has an area of 56,239 square miles. It ranks 24th in population but much higher in agricultural production. Its industrial production has increased greatly in recent decades, especially since
1945, and in 1958 reached $5 billion, nearly twice the value of its
agricultural output (State Officials, 1960, p. 71).
The precipitation decreases northwestward from about 35 to about
25 inches and averages about 31 an inch above the average for the
conterminous States. The runoff approaches the national average
only in the southeastern part of the State, where it is about 8 inches.
It decreases rapidly to the west, to 2 inches or perhaps less in the
northwest corner and about 3 inches in the southwest. In the State
as a whole it averages 4.6 inches, only a little more than half the
national average of 8% inches. Thus the total supply from runoff
within the State is only about 12 bgd. The low relief and poor integration of drainage of the younger drift sheets, which occupy more
than two-fifths of Iowa's area, lead to a high rate of evapotranspiration and account in part for the relatively low runoff.
Nevertheless the supply, on the whole, is adequate for present and
foreseeable future needs. It is fairly well distributed in spite of the
westward-decreasing runoff; more than three-quarters of the State
is underlain by moderately productive aquifers; and water needs
are rather well distributed and are heaviest in the part of the State
where the supply is largest. Even in the western part of the State,
the Big Sioux and Missouri Rivers represent large sources of water
both directly and through their alluvial deposits, and alluvial aquifers are present along tributary streams as well. Furthermore.
Cretaceous rocks which underlie northwestern Iowa and some areas
in southwestern Iowa are .moderately productive aquifers.
The Paleozoic rocks that underlie the State dip gently from
structurally higher areas to the northeast, north, and northwest into
a broad basin (syncline) that opens to the southwest. In the north-
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west they are mantled by strata of Cretaceous age which include the
Dakota Sandstone, the famous artesian aquifer of the Dakotas and
several other Western States. The Paleozoic and Mesozoic rocks
nearly throughout the State are mantled by glacial drift, which
ranges in thickness from 0 to 600 feet and averages about 200 feet.
The State is in the Central Lowland physiographic province. A
strip along the northeast edge is in the so-called Wisconsin Driftless
section; most of the rest of the State is in the Dissected Till Plains
section. A narrow strip along the southeast edge is in the Till Plains
section, which covers most of Illinois and Indiana. The north-central
part, an area of young drift characterized by incomplete integration
of the drainage, is in the Western Lake section. Thus the State
physiographically is much like Illinois and Indiana, but its surface is
a little more dissected by erosion, as can be seen as one flies westward
across it from Illinois toward the Great Plains beyond.
GROUND-WATER STUDIES

A great deal is known of the geology of Iowa and about the occurrence of ground water, even though the bulk of the reports are old.
Most of the geologic reports have been published by the Iowa
Geological Survey; the Survey's 1912 annual report consists of a
008-page bibliography of Iowa geology (Keyes, 1912). Groundwater studies in cooperation between the State and Federal Geological Surveys began in the early 1900's.
The principal report published to date on the ground water of
the whole State was a product of the early cooperation. It was
published as U.S. Geological Survey Water-Supply Paper 293
(Norton and others, 1912) and was published also as pages 29-1214
of the 1910-11 Annual Reports of the State Survey. This report
reflects the large amount of geologic work done prior to 1912, and
it is still very useful. The ground-water resources are summarized
briefly in a more recent paper (Walker, 1956c). Publications issued
since 1912 that cover specific subjects or areas include those by Norton
(1928, 1935), presenting records of deep wells drilled after the large
ground-water report was published, and a similar report by Lees
(1935) ; the 1928 report by Xorton includes a chapter on "Well
Water Recessions in Iowa" by Lees, first published in 1927 in the
Journal of the American Water Works Association. Reports on
geology that are significant in regard to ground water include that
by Schuldt (1943) on Cambrian strata in northeastern Iowa and that
by Kay and Graham (1943) on the geology of Illinoian and younger
glacial drift in the State. A report of the Iowa Planning Board
(193.8) presents analyses of ground waters throughout the State. One
by Schwob (1958) describes the low-flow characteristics of Iowa
streams, an indicator of the amount of ground-water recharge.
Detailed and up-to-date reports on the geology and ground water of
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Webster and Clayton Counties have been published (Hale, 1955a;
Steinhilber and others, 1961). An article describing the interesting
artificial-recharge operations at Des Moines was prepared by Maffitt
(1943), and the ground-water resources of Cedar Rapids and vicinity
are described by Simpson (1927). Brief open-file reports of the
U.S. Geological Survey, mostly prepared in collaboration with the
State Survey, cover such subjects as exploration of deep wells to
reveal circulation of water between aquifers (Fiedler, 1934), artesian
water in the Dakota Sandstone (Robinson, 1940), ground water for
a proposed ordnance plant north of Des Moines (Robinson and Elias,
1941), the methods and results of pumping tests to determine
hydraulic characteristics of aquifers (Jeffords, 1950b), the effects of
soil-conservation operations on ground-water recharge in the Tarkio
Creek area of Iowa and Missouri (Fishel, 1940), and the water
supply at Sheldon (Meinzer, 1925). The Sheldon report is similar to
a large number of informal reports prepared by the State Survey for
cities and industries on the basis of the extensive data in its files and,
on occasion, of fieldwork done to collect critical data.
GROUND -WATER RESOURCES AND DEVELOPMENT

More than three-quarters of Iowa is underlain by rocks that will
yield moderate supplies of ground water. In some places very large
supplies are available; in others, especially in the southwestern pjart
of the State, moderate to large supplies are available only along the
larger streams, and only small supplies can be obtained in the
interstream tracts.
Glacial drift covers the whole State except for a strip in the
"Driftless" section along the northeast edge (see p. 49) and is the
principal source of rural supplies. The drift in interstream areas
is moderately rather than highly productive in most areas.
Other aquifers can be described under five headings covering
somewhat overlapping areas the Paleozoic area, the southwestern
area, the Cretaceous area, watercourses, and buried-valley aquifers.
PALEOZOIC AREA

The Paleozoic area takes in the northeastern two-thirds of the
State, east of a line running southward and then southeastward from
Dickinson County, the third county from the west in the northern
tier; passing about 25 miles west of Des Moines; and ending in southeastern Appanoose County, the fourth county from the east in the
southern tier. The area contains about three-fourths of the State's
population; 462 muicipalities having a population of about 780,000
pumped about 77 mgd of ground water in 1960, and 24 having a
population of about 550.000 used about 65 mgd of surface water.
Self-supplied industries used about 100 mgd, of which about 65 mgd
was ground water.
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The Paleozoic strata are thick and contain enormous quantities of
water. Those which crop out in and underlie the area range in age
from Cambrian to Pennsylvania, the oldest rocks cropping out in the
extreme northeast corner and younger ones successively to the southwest. All the systems except the Pennsylvanian include at least
fairly good aquifers; the Pennsylvanian rocks in general yield little
water, or water of poor quality.
The oldest and lowest aquifer is sandstone of the Dresbach Group
of Cambrian age (Walker, 1956c, p. 500), which is tapped by wells
along the Mississippi such as those at Dubuque and Clinton but which
generally contains rather highly mineralized water west of a
northward-trending line that passes west of Dubuque and east of
Davenport. Immediately above the Dresbach are rocks which are
relatively impermeable. At the top of the Cambrian is the Jordan
Sandstone, tapped by most high-capacity wells in the area. Above
the Jordan and of successively less importance are the Ordovician
Prairie du Chien Group, consisting of dolomite and some sandstone,
and the St. Peter Sandstone, which are water bearing and with the
Jordan constitute the principal bedrock, or "deep" aquifer. In some
wells the St. Peter is cased off because it caves or because its upper
part yields water of poor quality; also, it yields less water than
the rocks below. The deep aquifer is tapped by wells which range
in depth from 100 feet or less in the northeast to 2,000 feet or more
in the southwest.
Above the St. Peter in the Ordovician are relatively impermeable
limestone and shale, then a bed of water-bearing dolomite, and at the
top the impermeable Maquoketa Shale. The Silurian System and
the lower part of the Devonian are represented by water-bearing
dolomite and limestone, and the upper part of the Devonian and
lowest part of the Mississippian by impermeable shaly rocks. Above
the basal shale the Mississippian consists predominantly of waterbearing limestone and dolomite beds. The water-bearing dolomite
and limestone beds above the St. Peter Sandstone, which underlie
all but the northeastern part of the area, are known collectively as
"carbonate rock" aquifers. They are tapped by wells of smaller
municipalities and industries at depths of 100 to 1,000 feet. In the
southwestern third of the area the Devonian and Mississippian rocks
yield moderately to highly mineralized water that is excessive in
sulfate content. In this part of the area relatively few municipalities
and industries use the water from the carbonate aquifers. The
smaller ones obtain water from alluvial aquifers along streams or
from sand and gravel in the drift. Some of these supplies are subject
to depletion in droughts, such as in 1955-57 when several communities had to haul water. Larger municipalities and industries obtain
an assured supply by drilling into the upper part, or all the way
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to the bottom, of the deep bedrock aquifer, according to the quantity
of water needed.
The mineralized water of the upper carbonate aquifers is satisfactory for cooling, firefighting, and other uses in which quality is
not critical, and are a promising source for the time when demineralization processes become more economical. A study of the uppermost carbonate aquifers, those in the Mississippian, in the whole area
where they occur in the State is underway and will provide the
basis for future expanded utilization of the water.
Water levels in the deep aquifer have declined in areas of heavy
pumping, but not enough to cause serious concern. They declined
about 140 feet in 50 years at Mason City and 20 feet in 20 years
at Cedar Rapids. The water levels will continue to decline as use
of the aquifer continues, at rates that will depend on the closeness
of spacing and rate of pumping of wells, and the declines can be
minimized by spreading the draft over as large an area as possible
in each center of pumping.
The upper carbonate aquifers are contaminated in a few places, in
the northeastern part of the area by drainage of surface water into
sinkholes and in the north-central part by discharge of water into
drainage wells. The problem is not as serious as it would be if
the contamination were more widespread and if there were not
productive aquifers below from which wells properly cased through
the contaminated strata can obtain good water.
Development of water from the deep aquifer is a matter of economics at present. The current rapidly expanding development will
cause water levels to decline, and eventually the draft will slacken
as water levels become so deep that the cost of pumping approaches
that of obtaining, and if necessary treating, water from another
source. The situation is similar to that in northeastern Illinois some
years or decades ago, and though ultimately the same choices will
have to be faced in Iowa as have been faced in Illinois there is no
reason for serious concern for the moment.
In anticipation of the time when more accurate information will
be needed as a basis for the decisions of the future, a study of the
deep aquifer's hydrology is proposed to begin within the next 5
years.
SOUTHWESTERN AREA

The southwestern area is a continuation of the Paleozoic area.
It is a roughly triangular area which lies southeast of the Boyer
River, a tributary of the .Missouri, and southwest of the upper
Raccoon River, a tributary of the Mississippi by way of the Des
Moines. It is interrupted by a tongue of the Cretaceous rocks of
the northwest extending southward from the apex and by an outlier
of those rocks about the size of an average county, the west edge
of which is about 20 miles east of Council Bluffs.
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The southwestern area is underlain by rocks of Pennsylvanian
age which consist largely of shale and include some thin limestone
and coal beds and some sandstone beds most of which are thin. The
rocks yield only small supplies of water; yields of more than 10
gpin are rare. Also, the water is impotable almost everywhere.
The glacial drift is relatively thin and unproductive but does
yield some water. Alluvium along the lower courses of the streams
most of which received only small quantities of outwash from the
glaciers is the other principal source of ground water. The main
streams from west to east are the Boyer, West and East Nishnabotna,
Platte, Grand, Thompson, and Chariton Rivers. The Cretaceous
rocks mentioned above yield some water, but they are thinner and
much less favorably situated for replenishment than those in the
northwestern part of the State. About 49,000 people in 57 communities used about 4.7-mgd of ground water in 1960 and about an equal
number in 20 communities used about 3.3 mgd of surface water.
Sand and gravel deposits along parts of the valleys of formerly
southward-flowing streams now buried beneath the drift yield small
to moderate supplies. The meager information available from drilling to date indicates the presence of such valleys in the southern
part of the Mshnabotna River basin, in southern Taylor County,
and in Clarke, Decatur, and Wayne Counties. Others are doubtless
present but have not been located. A test-drilling program to provide
additional information on these buried valleys is now underway.
Alluvium of the Missouri River is a source of moderate to large
supplies, but of course only along the west edge of the area.
Water of poor quality is available from Mississippian strata
below the Pennsylvanian. Little information is available on the
possibilities of obtaining water of better quality below the Missis^ippiaii, and additional data are needed. Additional water can be
obtained by impounding surface water, but the average annual runoff
is generally less than 5 inches (pi. 1), and average annual evaporation from surface reservoirs would be in the range of 37 to 42 inches,
increasing southwestward (Kohler and others, 1959, pi. 2).
CRETACEOUS AREA

The Cretaceous area lies in the northwestern dozen or so counties
of Iowa. It is underlain by rocks of Cretaceous age including the
Dakota Sandstone, deposited on the eroded surface of Paleozoic
rocks and mantled by generally thick glacial drift. The principal
aquifer is the Dakota Sandstone; other aquifers include the alluvium
along the small streams that cross the area from northwest to
southeast the Floyd, Little Sioux, and upper Boyer and Raccoon
Rivers; the glacial drift; and the Paleozoic rocks below the Cretaceous. The alluvium of the Big Sioux and, below Sioux City, the
Missouri is a productive source in a belt 2 or 3 to about 15 miles wide.
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The area includes about one-eighth of the State's population.
About 95 municipalities having a population of 158,000 pumped
about 9.4 mgd of ground water in 1960; 3 having a total population
of about 2,500 used about 0.3 mgd of surface water. About 8.3 mgd
was pumped from wells by industries, and about 0.1 mgd was taken
from streams.
The occurrence of water in the Dakota Sandstone, the principal
aquifer, is more erratic than that in the Paleozoic rocks. Yields
range from a few tens to a few hundreds of gallons per minute. Data
are not adequate to enable predicting the occurrence of the more
permeable zones, but detailed study of existing data supplemented by
test drilling and perhaps by geophysical surveys might produce
clues that would be most helpful in future prospecting for water.
Studies of areas and amounts of recharge and discharge also are
needed, in order to give some idea of the overall capabilities of the
aquifer, which is certain to be mbre extensively utilized in the future.
The Dakota Sandstone in many places is fine grained and well
sorted. Where it is loosely cemented also, as it is rather commonly,
it is difficult to obtain sizable yields from wells without excessive
sand pumping.
Water from the Dakota generally is rather highly mineralized,
but as in areas in other States where the Dakota is the only available
aquifer the water is used in spite of its quality.
Paleozoic rocks may prove to be more productive and their water
more usable than has been thought, especially in the eastern half
of the area where they are not buried so deeply as in the western
half. Extensive test drilling would be needed to outline their
capabilities.
No sizable buried valleys have been located beneath the drift, but
some doubtless will be revealed by future drilling.
WATERCOURSES

Iowa is bounded by two large and important watercourses, that
of the Big Sioux and Missouri Rivers on the west and that of the
Mississippi on the east. It is traversed by others which are much
smaller but nevertheless important. Those in the southwestern and
Cretaceous areas have been mentioned. Those in the Paleozoic area
from west to east include the lower stretch of the Little Sioux River
within the area, the Raccoon River, which enters the Des Moines
River at Des Moines, the Des Moines itself both upstream and downstream from Des Moines, the Skunk River, the Iowa River and its
tributary the Cedar, the Wapsipinicon River, and the Turkey River.
All these streams, except in their uppermost stretches, received substantial out wash, which is currently or potentially an important
source of water. The alluvium in the Paleozoic area is utilized on
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only a small scale at present, because of the restricted area it underlies and the availability of ground water from the drift, the carbonate rocks, or the deep aquifer below. Des Moines obtains about half
its supply from alluvium along the Raccoon River. Replenishment
of the alluvium from streamflow and by infiltration of precipitation
through the relatively fine grained uppermost deposits at Des Moines
is artifiically assisted by pumping water from the river into basins
located above the infiltration gallery from which the water is taken
(Maffitt, 1943). Dubuque obtains all its water from alluvium along
the Mississippi River.
Alluvial aquifers in the western part of the State are being increasingly developed for irrigation. Under Iowa's new water law,
enacted in 1954 and amended in 1957, permits had been granted as of
June 30,1960, for 251 wells to irrigate 41,738 acres with an average of
an acre-foot of water per acre per year. The supply of the Big SiouxMissouri watercourse is large enough that no difficulties have arisen,
but few applications for permits to drill irrigation wells along the
interior watercourses go unchallenged by surface-water or prior
ground-water users. Knowledge of surface water-ground water relations and overall capabilities of the watercourse systems is badly
needed. One research project on surface water-ground water relations
is underway, and other studies are being planned for the near future.
BTTRIED-V ALLEY AQUIFERS

Preglacial and interglacial valleys buried beneath glacial drift
contain, at least in some stretches, sand or sand and gravel which
yields small to moderate supplies, generally 10 to 100 gpm per well.
Those in the southwestern area have been mentioned. Those in the
Paleozoic area are larger and in general more productive. They run
generally southeastward. Except in southeastern Iowa, where the
valleys have been defined reasonably well (T. R. Beveridge, "Subdrift Valleys of Southeastern Iowa," Iowa Univ. master's thesis,
1947), the location of the valleys is known in only a general wray.
Information from new wells is kept current in the files of the Iowa
Geological Survey at Iowa City, and is available on request to those
interested in ground-water possibilities in specific localities. Test
drilling to refine the information on the Paleozoic area is proposed
to be undertaken as soon as the program in the water-short southwestern area is completed.
The buried-valley aquifers are neither so productive nor so freely
recharged as the alluvium of the watercourses along present streams,
but they are useful nevertheless, especially where the glacial drift
above is unproductive and the cost of drilling into bedrock is
excessive for the need involved.
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PROSPECTS AND NEEDS

Iowa's water problems are not critical in comparison to those of
many other States. The population and industrial activity are
greatest where the water supply is the largest. The agriculture
which is practiced throughout the State and in which the State is
a leading producer is largely based on dry farming. The value
of supplemental irrigation in the western part of the State is
becoming increa;singly recognized, however, and the rapid increase
in the practice is already leading to competition for available
surface- and ground-water supplies.
Iowa has a water law (Temiy, 1959), among the most comprehensive enacted to date in an Eastern State, which confirms existing
beneficial uses and requires a permit for new depleting uses exceeding specified amounts. The authority, vested in the Iowa Natural
Resources Council, extends to both surface and ground water. The
law controls waste and pollution of water. It incorporates both the
principle of prior appropriation and some features of landownership rights. Iowa historically is not an "appropriation" State,
and the law is based on a declaration by the State, in the exercise
of its "police powers" to maintain the public welfare, that water
belongs to the people and, subject to vested rights, is to be developed,
conserved, and protected in the public interest. The law appears
to provide a good basis for control of withdrawals to prevent overdevelopment, yet encourages beneficial use of water.
The State considers flood control the greatest single need. It
points out (State Officials, 1960, p. 71) the great variability in flow
resulting from the rainfall pattern, citing as an example Des Moines
River at Ottumwa, whose maximum recorded flow is about 4,500
times the minimum of 30 cfs. Adequate flood control would also
provide a means of sustaining minimum flows in time of drought.
The Coralville Dam on the Iowa River, completed in 1959, is the
only flood-control reservoir completed to date. The Red Rock Dam
on the Des Moine River is under construction, and the Saylorville
Dam on the Des Moines and Rathbim Dam on the Chariton have
been authorized. Others need to be planned and constructed soon,
especially in view of the scarcity of economical sites in this rather
flat State and of the large and increasing occupancy of flood plains
by cities, industries, transportation facilities, and farms.
Pollution control is another problem that will become increasingly
urgent as water use and the need for reuse increase. So is the need
for water transportation to serve the many new industries in the
Midwest that will grow out of the completion of the St. Lawrence
Seaway. A 9-foot navigation channel on the Missouri upstream to
Sioux City is proposed and is considered vital by the State.
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Poor quality of ground water is a problem in the greatest part
of the State. The only answer is improved, more economical
methods of treatment or demineralization.
The State (idem, p. 68) is greatly concerned over the need to safeguard its rights in surface water that originates elsewhere but flows
through Iowa or along its borders. The Missouri and Mississippi of
course are the chief objects of this concern. Adequate development
of these streams for flood control and navigation would also do much
to assure adequate water for water supply and waste dilution, and
Iowa is vitally interested in promoting measures that will fulfill
these objectives for both Iowa and other States in these major river
basins.
Iowa has a promising future which hinges in large part on adequate control and utilization of water both within the State and in
the larger drainage basins of which it is a part. The State is alert
to both its opportunities and its responsibilities in this field, and
certainly will do its part to realize the one and discharge the other.
KANSAS
Water-resources conditions transitional between those of humid East and
arid West. Precipitation 16 to 40 inches and averages 27, about 90 percent
of conterminous-State average. Average annual runoff within State from about
0.1 inch in west to about 10 inches in southeast; is less than 5 inches in
four-fifths of State and averages 2.8, only a third of the national average.
Total supply from runoff within State about 11 bgd. State receives some
water from west, north, and east and has access to Missouri River at northeast edge; discharges about 13% bgd (about 15 million acre-feet per year)
at east and south edges.
Large available ground-water storage, about 200 million acre-feet, mostly
in western part, but rate of recharge generally low. Moderately large but
highly erratic surface-water supply in east, and not much ground water. Hence,
firm supply much less than suggested by ground-water storage and average
streamflow. Large additional surface storage needed for flood protection and
stabilization of surface-water supply; total cost including watershed-protection
program would exceed $1 billion. Water obtainable by conventional means but
research needed on reduction of evapotranspiration requirements of crops and
of evaporation from reservoirs and the' many farm ponds, and on economical
disposal of wastes from oil fields and from probable and future demineralization
programs to reduce need for surface water for dilution.
State active in hydrologic studies, and modern ground-water reports completed on about two-thirds of State, including nearly all the more productive
and heavily developed areas.

Kansas is a typical Lplains State, the eastern two-fifths being in
the Central Lowland physiographic province and the western threefifths in the Great Plains province. About the western fifth is in
the High Plains. The Plains Border section of the Great Plains
physiographic province in the middle of the State is a dissected
remnant of what was once a part of the High Plains. Only the
671316i 0 63 23
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northeast corner of the State was glaciated. Alluvium, including
glacial outwash, is important in the western and central parts of
the State. The Paleozoic rocks are generally poor aquifers and the
principal ground-water resources are in the western part of the
State.
The precipitation continues the westward decrease noted -in Iowa.
It is about 40 inches in the southeast corner, greater than the maximum in Iowa because Kansas is farther south and its southeast
corner is closer to the Gulf of Mexico. It decreases to about 16 inches
in the western part, and it averages about 27 inches, 4 inches less
than in Iowa and a tenth less than the average for the conterminous
States. The runoff from a given amount of precipitation shows a
tendency to decrease westward. The average runoff is about 2.8
inches for a total of about 11 bgd within the State. The runoff
ranges from a little more than 10 inches in the southeast corner to
as little as about 0.1 inch in the west and is less than 2.5 inches
in all the Great Plains physiographic province the western threefifths of the State.
According to data presented by Furness (1960) on the rates of
mean flow of the principal streams defined for the common base
period 1920-56, an average of about 2% bgd flows into Kansas in
streams, not including the Missouri River, entering the State from
the west, north, and east; and about 13% bgd flows out of Kansas
at its east and south edges, including the flow into the Missouri
River. The Missouri forms the northeastern border of Kansas and
increases in flow from the approximately 26 bgd measured in 1949-57
at Rulo, Nebr., to the approximately 36 bgd measured in 1897-1957
at Kansas City, Mo., below the mouth of the Kansas Eiver (U.S.
Geol. Survey, 1960b, p. 30-31).
The State's ground-water supply is largely in the west, where
precipitation, runoff, and ground-water recharge are least. Thus,
although ground water in the western part of the State accounts
for the bulk of the 200 million acre-feet given as the State's total
available ground-water storage (State Officials, 1960, p. 76), the
perennial supply of ground water is much smaller than the amount
that could readily be pumped from wells each year. That is, largescale pumping of ground water in the western part of the State
is largely a mining operation.
Also, the available surface-water supply is considerably less than
would be suggested by the figures on average runoff. Precipitation
is highly variable from year to year; some stations have received
less than 5 inches in dry years and others more than 60 inches in
wet years. At Oswego the record high of 56.7 inches in 1951 was
followed by the record low of 25.4 inches in 1952. Runoff is even
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more variable, especially in the eastern part of the State where
floods such as the disastrous one of 1951 alternate with droughts
such as that of 1952-56, during the last year of which streams draining even sizable -basins dried up because of lack of rain and of
substantial ground-water storage. The flood of 1951 set new records
for the State 510,000 cfs in Kansas Kiver at Bonner Springs, west
of Kansas City, as compared to a previous record of 260,000 cfs at
Kansas City in 1903; and 410,000 cfs in Neosho Kiver at Parsons
as compared to a previous record of 83,500 cfs in 1944. The 1952-56
drought similarly set new records. The Neosho Kiver dried up
altogether in 1956; the city of Chanute maintained its supply in
a small impounding reservoir only by pumping its sewage back to
the reservoir. The city of El Dorado had to bring an emergency
supply of water from wells in the Arkansas River valley 25 miles
away.
The effect of flooding in urban areas is brought out by a map
showing areas flooded in the past at Topeka (Edelen and others,
1959). Such maps will be useful in planning flood-relief measures
such as zoning to control the number and type of structures that
may be permitted to occupy flood plains.
GROUND-WATER RESOURCES

Kansas is underlain by Paleozoic rocks which dip gently westward from the structurally higher Ozark Plateaus and adjacent area
in Missouri into the shallow structural basin that runs generally
north-south beneath the Great Plains. In the middle of the State
the Paleozoic rocks disappear beneath strata of Cretaceous age
whose irregular east edge trends generally southwestward across the
State; and the Paleozoic formations, or their equivalents, are not
seen again until they, appear standing on end in a narrow belt in
the foothills of the Rockies in Colorado. In turn, the Cretaceous
strata tare mantled in much of their extent, especially toward the
west, by sediments of Tertiary age (the Ogallala Formation and
associated rocks; an.especially good description of their geology is
given in a 1931 report by Elias on Wallace County) and both streamlaid and windblown sediments of Quaternary age.
.An excellent general description of the ground-water resources
was presented by Moore (1940). Lohman (1942) summarized the
ground-water resources of south-central Kansas, and Lohman and
others (1942) the resources of the whole State, with special reference to the immediate availability of large supplies for defense
industries.
The Paleozoic rocks are generally poor aquifers. About the best
are the Ordovician sandstone and dolomite penetrated by deep
wells in southeasternmost Kansas (Abernathy, 1941, p. 225-231;
Williams, 1948; Stramel, 1957). Dolomite and limestone in the
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upper part of the Ordovician and in the overlying Mississippiah
yield moderate to large supplies of water but of poorer quality than
that below.
In a belt in east-central Kansas extending southward from Washington and Marshall Counties on the Nebraska line to Cowley
County on the Oklahoma line, strata of Permian age, mostly limestone, yield moderate supplies of hard water.
Elsewhere in the area where Paleozoic rocks are exposed, groundwater supplies are generally small (Moore, 1940, p. 50-54); in fact,
water is virtually unavailable from those rocks in some large areas.
The Cretaceous rocks are not highly productive (idem, p. 39-41).
The uppermost beds, which are as thick as 2,500 feet, contain only
one thin, though persistent, sandstone bed that yields adequate
supplies for stock and domestic use. At the bottom of the Cretaceous
is the Dakota Sandstone, which is fairly productive and yields
moderate supplies along the eastern outcrop belt but yields salt
water in many areas; it is tapped by wells in Morton, Stanton, and
Ford Counties and elsewhere in southwestern Kansas, but where
the overlying strata are thick it is seldom used.
The Ogallala Formation of Tertiary age and overlying deposits
of Quaternary age are the best aquifers in Kansas. They yield as
much as 3,500 gpm to wells and are the source of the bulk of the
ground water pumped in the State. The Ogallala is confined to
the western and southwest-central parts of the State. It is thickest
in the tracts between the major streams in northwestern Kansas
between the Republican and Smoky Hill Rivers, in west-central
Kansas between the Smoky Hill and the Arkansas, and in southwestern Kansas south of the Arkansas. Isolated remnants of the
Ogallala are found as far east as the middle of the State. Along
the major streams the Ogallala is thin or missing, but it is overlain
or where missing is replaced by alluvium of Quaternary age
which also is an excellent aquifer.
The Quaternary deposits extend eastward beyond the limits of
the Ogallala along the larger valleys, especially along the Republican and Smoky Hill Rivers and other tributaries of the Kansas
River, along the Arkansas, and in southernmost Kansas along the
Cimarron River and other tributaries that enter the Arkansas in
Oklahoma. One especially productive area of Quaternary alluvium
is the well-known "Equus beds" area north of Wichita, named for
the fossil horses found in one zone in the sediments, where Wichita's
public water supply is obtained (Lohman and Frye, 1939; Williams
and Lohman, 1949; Stramel, 1956). The alluvium of the Missouri
River is productive and is exploited in its area of occurrence in
northeasternmost Kansas; that of the Kansas River also is productive and is tapped in northeastern Kansas as it is to the west
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(Fishel, 1948a; Fishel and others, 1953; Dufford, 1958; Lohman,
1941b; Davis and Carlson, 1952; Beck, 1959).
The glacial drift of the northeastern dozen counties is as much
as 300 to 400 feet thick and includes some water-bearing sand and
gravel (Frye and Walters, 1950). Though it is not a highly productive source of water, it is important because the underlying
bedrocks are not good aquifers; hence this part of eastern Kansas
is more fortunate than most of that area. The deposits along the
Kansas and Missouri Elvers, already mentioned, also are of glacial
origin in part.
GROUND-WATER STUDIES

Kansas is one of the most progressive of the States in its attitude
toward hydrologic information. Hydrologic studies in cooperation
with the U.S. Geological Survey were among the earliest such
studies undertaken; they date back to 1895. The principal cooperating agencies at present are the State Geological Survey of
Kansas, the Division of Water Resources of the State Board of
Agriculture, the State Water Resources Board, the Division of
Sanitation of the State Board of Health, and the State Highway
Commission.
In the cooperative program a good stream-gaging network has
been established; a quality-of-water program, begun in 1945 as a
part of the Missouri basin studies, has been expanded into a statewide cooperative study; and a large proportion of the State has
been covered by modern descriptive ground-water reports. Neatly
half its 105 counties are described in county ground-water reports
published since 1940, reports on 2 counties (Cowley and Wallace)
are in press, investigations are in progress in a dozen others not
heretofore covered or not covered completely, followup studies are
being made in a 5-county area (Hamilton, Kearny, Finney, Stanton,
Grant) covered -by published reports, and reports have been published on numerous areas within counties, or in areas covering
parts of 2 or more counties. Because of its importance the coverage
is itemized below by counties and areas.
Counties

Reports

Atchison_______________________________
Barber, Elm Creek valley_______________
Barton (with Stafford County)..________
Bourbon, Mississippian and older rocks (in
Crawford, Cherokee, and Labette Counties also).
Brown _________________________________
Chase__-_-_____________________________
Chautauqua, Jayhawk Ordnance Works____
Cherokee...-___________________________
Cheyenne____________________________

Frye, 1941.
Williams and Bayne, 1946.
Latta, 1950.
Abernathy, 1941; Williams, 1948.
In progress.
O'Connor, 1951.
Abernathy, 1943.
See Bourbon County.
Prescott, 1953a.
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Counties
Reports
Clay.__________________________________ Walters and Bayne, 1959.
Cloud_________-_------_--_-__-_-_______ Bayne and Walters, 1959; see also
Fishel, 1948b.
Cowley_________--_-____----_--___-___ Bayne, 1962, ir. press.
Crawford, Pittsburg area; see also Bourbon Stramel, 1957.
County.
Decatur________________________________ In progress.
Dickinson, Smoky Hill River valley______ Latta, 1949.
Douglas---__-__-_-------------_-------- O'Connor, 1960; see also Lohman,
1941b.
Edwards (with Pawnee County)_________ McLaughlin, 1949.
Elk__________________________ Bayne, 1958.
Ellis:
Eastern (with western Russell County). Frye and Brazil, 1943.
Southern (southeasternmost Trego and Leonard and Berry, 1961.
northernmost Rush Counties also).
Hays, Victoria, Walker_____________ Latta, 1948b.
Finney (with Gray County)_____________ Latta, 1944.
Ford_______________________ Waite, 1942.
Geary, Smoky Hill River valley ___________ Latta, 1949.
Gove_____.____________--_-____ Hodson and Wahl, 1960.
Graham________________________________ Prescott, 1955.
Grant (with Haskell and Stevens Counties)- McLaughlin, 1946a.
Gray (with Finney County)_____________ Latta, 1944; see also Stramel and
others, 1958.
Greeley (with Wichita County)__________ Prescott and others, 1954.
Hamilton (with Kearny County). _________ McLaughlin, 1943.
Harper_________--_--_-__-__--__________ Bayne, 1960.
Harvey, all except easternmost (with other Lohman and Frye, 1939; Williams
parts of Equus beds area in McPherson,
and Lohman, 1949; Stramel, 1956.
northern Sedgwick, eastern Reno, and
westernmost Marion Counties).
Haskell (with Grant and Stevens Counties). McLaughlin, I946a.
Hodgeman, Pawnee valley._______________ Fishel, 1952.
Jackson________________________________ Walters, 1953.
Jefferson, Kansas River valley____________ Davis and Carlson, 1952.
Jewell__________________________________ Fishel and Leonard, 1955.
Johnson, Kansas River valley.____________ Dufford, 1958; county study in
progress.
Kearny (with Hamilton County)__________ McLaughlin, 1943.
Kingman_______________________________ Lane, 1960.
Kiowa___________-_____-_______________ Latta, 1948a.

Labette.-_--_-------_-_---_-----_______ See Bourbon County; see also
Williams, 1944.
Lane_________________________________ Prescott, 1951.
Leavenworth, Kansas River valley_______ Dufford, 1958.
Lincoln.______________________________ Berry, 1952.
Linn__--________-__-__-______-____-____ In progress.
Logan________________________________ Johnson, 1958.
Lyon____.__________________ O'Connor, 1953.
Marion, westernmost (with other parts of See Harvey Countv.
Equus beds area).
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Counties
Reports
Marshall.._______.___________ Walters, 1954.
McPherson (with other parts of Equus beds See Harvey County.

area).
Meade______--._._____._____
Miami--_-_____________--_______----_-_
Mitchell_----___--_.-_-..____------_--Montgomery___________..____-_-__--__Morton___a____._^_____________-___-_____
Neosho_______________________________
Ness, Pawnee Valley.____________________
Norton (with northwestern Phillips County) _
Osage_-________________________________
Osborne, North Fork Solomon Eiver valley.
Ottawa___________________________
Pawnee (with Edwards County)_________
Phillips:
Northwestern (with Norton County)_
North Fork Solomon River valley.____
Pottawatomie, Kansas River valley. _______
Pratt__________________________________
Rawlins___--_____-------_________
Reno______-_____-___-____-_--___-_--_

Frye, 1940, 1942.
In progress.
Hodson, 1959.
In progress.
McLaughlin, 1942.
In progress.
Fishel, 1952.
Frye and Leonard, 1949.
O'Connor, 1955.
Leonard, 1952.
Mack, 1962.
McLaughlin, 1949; see also Fishel,
1952.

Frye and Leonard, 1949.
Leonard, 1952.
Beck, 1959.
In progress.
Walters, 1956.
Bayne, 1956b; see also Williams,
1946; see also Harvey County.
Republic (with northern Cloud County)-.-- Fishel, 1948b.
Rice..--.----___ _______.-_-___ Fent, 1950.
Rush______________________.____________ In progress; see also Ellis County.
Russell:
Western (with eastern Ellis County)-.- Frye and Brazil, 1943.
Gorham, Russell_____-_______---_-_ Latta, 1948b.
Saline, Smoky Hill River valley. __________ Latta, 1949.
Scott_____-__-_--_----_.___--_--_-_-_ Waite, 1947.
Sedgwick______________________________ In progress; see also Harvey
County.
Seward_____--__--__-__-____-----______- Byrne and McLaughlin, 1948.
Shawnee, Kansas River valley___-___.___ Davis and Carlson, 1952; Beck,
1959.
Sheridan____-_.-______--_-___.__---____ Bayne, 1956a.
Sherman__--___-__-__--______-_-__-__-_ Prescott, 1953b.
Smith, North Fork Solomon River valley. __ Leonard, 1952.
Stafford (with Barton County)-..____-__-_ Latta, 1950.
Stanton._______________________________ Latta, 1941.
Stevens (with Grant and Haskell Counties). McLaughlin, 1946a.
Sumner________._.___-_-__-__________ Walters, 1961.
Thomas___________.-_-__.___-_________ Frye, 1945.
TregO-_-_--_--_-___--_-----_--_---__-__ In progress; see also Ellis County.
Wabaunsee, Kansas River valley__________ Beck, 1959.
Wallace. ______-_-__..___-_--_____-______ Hodson, 1962, in press; see also
Elias, 1931.
Wichita (with Greeley County)________ .___ Prescott and others, 1954.
Wyandotte, Kansas City area.---.-.--_-__ Fishel, 1948a; Fishel and others,
1953; see also Dufford, 1958.
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Areas
Reports
Entire State__________________-____--_-_ Moore, 1940; Lohman and others,
1942.
Arkansas River valley near Hutchinson, Williams, 1946.
Reno County.
Elm Creek area, Barber County__-__--_-- Williams and Bayne, 1946.
Equus beds area, McPherson, all but eastern- Lohman and Frye, 1939; Williams
most Harvey, northern Sedgwick, eastern
and Lohman, 1949; Stramel,
Reno, and westernmost Marion Counties.
1956.
Gorham, Russell County_________________ Latta, 1948b.
Hays, Ellis County._____________________ Latta, 1948b.
Ingalls area, Gray County._______________ Stramel and others, 1958.
Jayhawk Ordnance Works, Cherokee Abernathy, 1943.
County.
Kansas City area________________________ Fishel, 1948a; Fishel and others,
1953.
Kansas River valley:
Bonner Springs to Lawrence __________ Dufford, 1958.
Lawrence area_-______--____________ Lohman, 1941b; Dufford, 1958;
O'Connor, 1960.
Lawrence to Topeka_________________ Davis and Carlson, 1952.
Topeka to Wamego._________________ Beck, 1959.
Ladder Creek area, Wallace, Logan, Greeley, Bradley and Johnson, 1957b.
Wichita, and Scott Counties.
Neosho River valley near Parsons, Labette Williams, 1944.
County.
Northeastern Kansas, glacial drift. _______ Frye and Walters, 1950.
North Fork Solomon River valley, Mitchell, Leonard, 1952.
Osborne, Smith, and Phillips Counties.
Pawnee Valley, Ness, Hodgman, and Pawnee Fishel, 1952.
Counties.
Pittsburg, Crawford County. _____________ Stramel, 1957.
Russell, Russell County._________________ Latta, 1948b.
Smoky Hill River valley, Saline, Dickinson, Latta, 1949.
. and Geary Counties.
South-central Kansas ____________________ Lohman, 1942.
Southeastern Kansas_____________________ Abernathy, 1941; Williams, 1948a.
Victoria, Ellis County________________ Latta, 1948b.
Walker, Ellis County__._________-___.___
Do.
Wichita, emergency water supplies in area Lane and others, 1962; see also
within 50-mile radius.
Equus beds area.

The principal reports on ground water published or in preparation up to 1953 in the Arkansas Eiver basin, which covers about
the southern half of Kansas, are listed and the areas covered are
shown on a map of the Arkansas, White, and Red River basins
published by the U.S. Geological Survey (Lohman and Burtis,
1953a). The general availability of ground water and the depths
to water are shown on another map (Lohman and Burtis, 1953b).
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GROUND-WATER DEVELOPMENT AND PROBLEMS

Water use in Kansas in 1960 was about 3 million acre-feet, as shown
in the following table:
Ute
Domestic. _ _____ ___ ____ ..-_-._Municipal. _____ _____ __ _ ..__.___
Irrigation. ________ _________.____._
Industrial, _
_________ ___.-__._-

Surface water
45,000
85,000
200,000
845,000

Ground water
85,000

145, 000
1, 400, 000
115,000

Total
130,
230,
1, 600,
960,

Total-_-_____--______-_.____

1,175,000

1,745,000

2,920,000

000
000
000
000

Note that ground-water use exceeded that of surface water in all
categories except industrial, in which the use is chiefly in the Kansas
City area from the Kansas and Missouri Rivers, and that ground water
accounted for three-fifths of the total. This makes Kansas one of the
few States in which ground-water use exceeds that of surface water.
There are 445 public-supply systems, of which most 360 use
ground water exclusively, 66 use surface water, and 19 use both.
The largest city, Wiehita, uses ground water and the second largest,
Kansas City, surface water.
During the 10 years 1949-58 the number of irrigation wells in the
State increased by 240 percent, and the withdrawal for irrigation
increased even faster from 180,000 acre-feet in 1950 to 680,000 in
1955 and 1,400,000 in 1960. The public supply of Wiehita from
1882 to 1940 was obtained from wells in the alluvium of the
Arkansas River within the city; the pumpage was about 5 mgd in
1922 and increased to about 11 mgd in 1940. The new supply from
the Equus beds area was then put into service, and the pumpage
rose from 11 mgd in 1941 to 32 mgd in 1954 and then decreased to
26 mgd in 1958 still a net increase of 150 percent over 1940.
WESTERN KANSAS
Sediments of Tertiary and Quaternary age overlying Cretaceous
shale, limestone, and sandstone range in thickness from 0 to more
than 600 feet. In an area of several square miles in southeastern
Stevens and southwestern Seward Counties the saturated thickness
exceeds 620 feet, and it exceeds 200 feet in an area of about 4,000
square miles in 11 southwestern counties. The area of thick saturated
deposits extends southward into Oklahoma. Irrigation wells generally yield 700 to 1,000 gpm, and a yield of 3,500 gpm has been
measured. In 1959 there were 2,823 irrigation wells in 15 southwestern counties.
Ground-water recharge in western Kansas is low generally about
a quarter of an inch to half an inch per year. Thus the water
pumped comes almost entirely from storage. So far the water table
has been lowered substantially in only two areas, one in Scott County
where the decline locally has been about 20 feet, and one in Grant
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and Stanton Counties where the decline locally has been as much
as 45 feet. Studies to obtain additional information on recharge,
amount and distribution of water in storage, and use of water were
started in Grant and Stanton Counties in 1958 and in Finney,
Kearny, and Hamilton Counties in 1960 and were to be started in
two more counties in 1961.
The situation in the productive ground-water areas in western
Kansas is similar to that in the southern High Plains of Texas in
the 1930's and early 1940's development in an early stage.
Precipitation was about normal in 1957-60 and not many new
irrigation wells were drilled. As time goes on and as droughts
recur, as they inevitably will, the pumping of ground water will
increase and the ground-water storage will diminish. In time, as
water levels decline and well yields decrease, Kansas, which follows
the appropriation doctrine, will have to decide how best to decide
when the supply in a given area is fully appropriated and new
applications for wells must be denied. A similar situation has
already been faced in New Mexico, another "appropriation" State,
where the State Engineer stops further development when the supply remaining in storage is enough to last for a period generally
40 to 60 years during which investments can be amortized and a
reasonable profit can be realized from the exploitation of this depletable natural resource.
EQTJTJS BEDS AREA

The deposits of Quaternary age (locally underlain by deposits of
Tertiary age) to which the name "Equus beds" is locally applied
(Williams and Lohman, 1949) fill a large abandoned valley in the
vicinity of Wichita. The valley extends southward from a point
south of Lindsborg in McPherson County past McPherson to a point
south of Wichita a distance of more than 50 miles. The deposits
have a maximum width of 12 miles, a maximum thickness of about
280 feet, and a maximum saturated thickness of about 240 feet. The
city of Wichita, to replace a supply of unsatisfactory quality from
alluvium of the Arkansas River, in 1940 constructed 20 wells in
the area west and south of Halstead, about 15 to 25 miles northwest
of Wichita, and since has added 35 more. The pumpage increased
from 11 mgd in 1941 to a maximum of 32 mgd in 1954 and then
decreased to 26 mgd by 1958. The pumping affects an area of more
than 80 square miles, and the water table in the 1-square-mile area
of greatest decline was 23 feet lower in 1960 than it was when
pumping began in 1940.
The pumping is reducing the discharge of ground water into the
Little Arkansas Eiver east of the well field, but it is also reducing
natural evapotranspiration and increasing recharge and total net
water supply. Additional water could be pumped from the deposits,
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but in order to broaden the base of its water supply the city in
cooperation with the Bureau of Reclamation is planning to build
a reservoir on the Ninnescah River, a tributary of the Arkansas,
about 25 miles west of the city and possibly also to use the Little
Arkansas River as a supplemental source.
The ground-water studies in the Equus beds area, past and current, are among the most comprehensive yet made, and a great deal
is known of the hydrology. To refine the estimates of the overall
capability of this extremely important area in a part of Kansas
noted for ground water small in quantity or poor in quality, construction of an electric analog model is proposed.
SOUTHEASTERN KANSAS

Large quantities of water of good quality are pumped from the
Roubidoux Formation of Ordovician age in southeastern Kansas,
especially in Bourbon, Crawford, Cherokee, and Labette Counties
(Abernathy, 1941), and in adjacent Missouri and Oklahoma. Moderate to large quantities of water, but of poor quality, are available
in the upper part of the Ordovician and in Mississippian rocks
above. Much water is pumped from the Mississippian rocks to
dewater mines in the Tri-State lead-zinc district in this part of the
three States. Below the Roubidoux is the Lamotte Sandstone, of
Cambrian age, which is water bearing but which yields salty water
in Kansas, though a few wells obtain usable water from it up the
dip in Missouri.
Water levels in the Roubidoux have declined substantially. At
Pittsburg, Kans., where the aquifer lies between depths of 600 and
1,050 feet, the water level declined from 110 feet below the surface
in 1882 to about 240 feet in 1960.
The water supply of the Roubidoux has been studied at Pittsburg
and Parsons, Kans., and at Miami, Okla., but no comprehensive
study has been made. Moderate increases in withdrawal are still
possible, and artificial recharge through wells is being considered
as one means of prolonging the usefulness of the aquifer far into
the future.
REPUBLICAN RIVER BASIN

Large quantities of water are being pumped from the alluvium
of the Republican River and its tributaries in northwestern and
north-central Kansas, as well as from deposits of Tertiary and
Quaternary age in interstream tracts. The water is used for irrigation and public supply, and to a smaller extent for domestic and
stock supply. Along the main stream the water supply is being
stabilized by releases from the Harlan Reservoir in Nebraska, which
are made to furnish public water supply and to dilute wastes, but
some of the water recharges the ground and maintains the supply
of wells.
'
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In Cloud County (Bayne and Walters, 1959) the alluvium along
the Republican River is recharged in part by upward seepage
from the underlying Dakota Sandstone. The Dakota yields highly
mineralized water, and water from the alluvium contains as much
as 6,840 ppm of chloride. Additional information is needed on the
extent to which the water in the alluvium is contaminated by the
upward seepage, as well as on surface water-ground water relations
along the river.
PROSPECTS AN1> NEEDS

The water problems and needs of Kansas are clearly summed up
in a 1955 report to the State Legislature by the Kansas Water
Resources Fact-Finding and Research Committee and a 1960 report
to the Legislature by the Kansas Water Resources Board. The
greatest need is for additional surface storage to control floods
and to stabilize streamflow for water supply and waste dilution.
In view of the exceptional variability of the State's water resources
both from place to place and from time to time, this need is
especially demanding. Careful planning and wise management of
water, both based on good hydrologic information, will be essential.
That the State has recognized its responsibility for gathering hydrologic data is apparent from the preceding description of the results
of the cooperative ground-water studies. The State has taken full
advantage of opportunities to cooperate with other agencies in
studying other aspects of hydrology also (Kansas Water Resources
Fact-Finding and Research Committee, 1955, p. 141-156, 214-216).
That it has taken the next step of beginning detailed planning is
shown by a series of 12 published or planned reports entitled
"Preliminary Appraisal of Kansas Water Problems." These are
to cover the entire State; the 8 that had been published as of early
1962 are exemplified by the report on the Cimarron Unit in southwestern Kansas (Kansas Water Resources Board, 1958). The planning reports get down to brass tacks. They cover in considerable
detail for each area the geologic and hydrologic and the cultural
characteristics; amount, distribution, and dependability of precipitation; present water use and estimated future needs; requirements
for waste dilution and special problems such as contamination by
oil-field brines; amount of usable ground-water storage and,rate
and effects of depletion; flood and erosion control and drainage
problems; and administrative and legal problems in water
management.
The basic mechanism for water management is provided in Kansas'
water law, enacted in 1945 and amended in 1957 (Hutchins, 1957,
p. 24-35). The law is based on the principle of prior appropriation
and in effect abrogates the riparian principle, which was followed
exclusively until 1886 and partly from 1886 to 1945. Vested rights
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were recognized, but they are considered as appropriative rights and
can be lost by nomise. The validity of the change from the riparian
to the appropriative rule was confirmed by the U.S. Supreme Court
in 1956 (idem, p. 26-27). The authority provided by the law is
vested in the Chief Engineer of the Division of Water Resources
of the State Board of Agriculture. He has the authority to grant,
or refuse, permits for the appropriation of water for all uses
except domestic, and he may -require domestic users to furnish
information on their use of water. Procedures are specified for
appealing decisions of the Chief Engineer to the district courts
and the State Supreme Court.
A 1958 amendment to the State constitution permits the State
to be a party to "flood control works and works for the conservation
or development of water resources."
With a good start in gathering hydrologic information and on
planning specific projects for the future, and with a sound and tested
water law, Kansas is in a position to make the most of its water
resources, and the State can well be proud of its achievements
to date.
KENTUCKY

Agricultural and increasingly industrial State largely in Unglaciated Central
ground-water region; 37th in size but 22d in population of the 50 States.
Precipitation ranges from 36 inches in extreme north to 50 in south and averages about 45. Nearly all (97 percent) of State drains to Ohio River and
rest directly to Mississippi River. Runoff ranges from less than 15 inches in
extreme east to about 24 inches in southeast; averages about 18 inches for
total of 35 bgd. Ground-water supplies of Paleozoic rocks mostly small to
moderate; moderate to very large supplies available from unconsolidated sediments in Jackson Purchase region and along Ohio and Mississippi Rivers.
Total water use moderate but growing. Principal problem is uneven distribution of precipitation leading to alternating floods and water shortages; principal need is for adequate surface storage to control floods and sustain dryweather streamflow.

Kentucky has rather large water resources; the total runoff
within the State is exceeded in only about a third of the conterminous States. Along its north and west borders Kentucky has access
to the Ohio and Mississippi Rivers, and in its..western part it
receives from the south the flow of the large and important Tennessee and Cumberland Rivers. In the Cumberland, Kentucky
gets back the water it has already contributed in the headwaters,
minus the quantities consumed in Tennessee but plus the larger
quantities contributed in that State.
The State is largely in the Unglaciated Central ground-water
region. Pleistocene glaciers extended southward across the Ohio
River only in small areas in northernmost Kentucky (Leverett,
1929). The western tip, the famous Jackson Purchase west of the
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Tennessee River, lies at the head of the Mississippi Embayment of
the Gulf Coastal Plain. Physiographically Kentucky can be divided
rather neatly into five regions: the Eastern Coal Field region, in
the Appalachian Plateaus physiographic province; the Mississippian
Plateau and Western Coal Field regions, in the Interior Low
Plateaus province; the Blue Grass region, known also as the Lexington Plain section of the Interior Low Plateaus province; and the
Jackson Purchase region, in the Coastal Plain province. Physiographic and geologic conditions and, hence, ground-water conditions differ markedly from one region to another, and the regions
provide a convenient framework for description of the groundwater resources.
What could be considered a long, narrow, very important sixth
region is formed by the alluvial valley of the Ohio River along the
northern border and that of the Mississippi at the west end of the
State below the junction with the Ohio.
The climate, reflecting the effect of the Gulf of Mexico, is wetter
than that of Illinois, Indiana, and Ohio to the north. The precipitation ranges from about 36 inches in the extreme north to about
50 inches along parts of the southern border and averages about
45 inches. The r,unoff is mostly 15 to 22 inches, ranging from less
than 15 at the eastern tip and along the northeast edge to about
24 inches in the southeast. The average is about 18 inches, a Ifttle
more than twice the 48-State average, and the total supply from
runoff within Kentucky is about 35 bgd. To this can be added the
water available to Kentucky from the 664 miles of the Ohio River
along the northern border, from the Mississippi along the west
end, and from the Tennessee and Cumberland Rivers which enter
from the south. Even if the Mississippi is ignored, the supply of
surface water made available to Kentucky in the Ohio, Tennessee,
and Cumberland Rivers is about five times as large as the supply
from runoff within Kentucky (Kentucky Water Resources Study
Commission, 1959, p. 62).
Thus Kentucky has a generous surface-water supply, whose
principal defect is that much of the flow occurs in floods which are
controlled more or less adequately along the Tennessee, less adequately along the Cumberland (on which the situation will be
improved by the completion of Barkley Dam) and the Ohio, and
inadequately on most other streams. During dry weather the flow
of many streams decreases greatly, the streams that hold up best
because of either artificial storage or ground-water storage being
the Mississippi, Ohio, Tennessee, Cumberland, and Green Rivers
all of which except the upper Ohio and Cumberland are in the
western part of the State. Eastern Kentucky has the flashiest
streamflow and the worst flood and low-flow conditions.

KENTUCKY

355

Water use in Kentucky is modest rather than large. In 1960
the total use of ground water was about 89 mgd, and that of
surface water excluding both hydropower and fuel-electric power
production was about 531 mgd (E. A. Bell, U.S. Geol. Survey,
unpublished data). The quantities potentially available for use are
many times greater, but the distribution of water is uneven and
some parts of the State are much better situated than others.
Obviously, the largest supplies of surface water are and will
continue to be available along the major streams.
aROUND-WATER RESOURCES

Kentucky is underlain by flat or gently dipping strata of Paleozoic
age. The structurally highest area crosses the State from the Blue
Grass region, or Lexington Plain (an extension of the Cincinnati
arch mentioned in the section on Indiana) on the north toward the
Nashville basin in Tennessee on the south. In these physiographically
level but structurally high areas, rocks as old as Middle Ordovician
crop out. To the east the rocks pass beneath strata of Silurian,
Devonian, Mississippi an, and Pennsylvanian age of the Appalachian
Plateaus which form a very shallow basin. At the southeasternmost edge of Kentucky, in the Cumberland Mountain section of the
Appalachian Plateaus province, the strata are folded, faulted, and
elevated.
West of the structural highs the'strata form a shallow northwestward-plunging basin, an extension of the Illinois basin mentioned
in the section on Illinois.
In the westernmost part of Kentucky, the Jackson Purchase, the
Paleozoic rocks are overlain by southwestward-dipping sediments,
mostly unconsolidated, of Cretaceous and Tertiary age at the head
of the Mississippi Embayment. The Cretaceous and older Tertiary
sediments are mantled throughout most of their extent by terrace
deposits of late Tertiary age, and these in turn are mantled in most
of the area of the westernmost counties by the windblown silt called
"loess."
Along the entire northern border of Kentucky the valley of the
Ohio River contains deposits, ranging in thickness from a few tens
of feet to 100 feet or more, of alluvium of Quaternary age, generally
coarse sand and gravel and some silt and clay of glacial origin below
and finer grained alluvium of Recent age above. Below the mouth
of the Ohio the Mississippi River valley is underlain by similar
deposits derived from both the Ohio and the upper Mississippi.
The Paleozoic rocks form four of the State's five physiographic
and geologic regions (Hendrickson, 1958). The oldest rocks
Ordovician, Silurian, and Devonian crop out in and around the
Blue Grass region. They are largely limestone and shale and yield
small in places very small or negligible to moderate quantities of
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water. Rocks of Mississippian age underlie the Mississippian Plateau
region, which lies around the edge of the Blue Grass region and
continues to the south and west around both sides of the Western
Coal Field region. They consist of limestone and sandstone which
yield small to moderate supplies and shale which yields little or
nothing. The two coal-field regions are underlain by the youngest
Paleozoic rocks of the State, largely of Pennsylvanian age; the
rocks are sandstone, siltstone, shale, and conglomerate and some
limestone and coal. The sandstone, siltstone, and conglomerate yield
small supplies in most places and moderate supplies in a* few; the
coal and limestone yield a little water; the shale yields little or none.
The Cretaceous and early Tertiary rocks of the Jackson Purchase
region include sand and gravel beds which yield moderate to large
supplies. The younger Tertiary terrace deposits include gravel in a
matrix of finer grained material and yield small supplies. The loess
yields small supplies to large-diameter wells.
The alluvium of Quaternary age, especially the older material,
of Pleistocene age, which consists largely of sandy and gravelly
glacial outwash, yields moderate to large supplies; it is the most
productive and generously recharged aquifer in Kentucky.
GROUND-WATER STUDIES

The geology of Kentucky is described in considerable detail in a
large number of reports, chiefly in the older series of the Kentucky
Geological Survey. Ground-water studies are mostly of relatively
recent date. The ground water of the Jackson Purchase region of
Kentucky and of adjacent Coastal Plain areas of Tennessee and
Illinois is described in an old report by Glenn (1906). Matson
(1909) described the water resources of the Blue Grass region.
Studies by the U.S. Geological Survey were resumed in the early
1940's in the Louisville area, in cooperation with the city of Louisville and the State Geological Survey. Later in the 1940's studies
were begun in a number of type areas in the different ground-water
regions, and in 1949 the studies were put on a statewide basis. The
principal cooperating State agencies have been the Geological Division of the State Department of Mines and Minerals; the Agricultural and Industrial Development Board and later the Department
of Economic Development; and, both in the early days and since
July 1, 1958, the Kentucky Geological Survey.
Among the early products of the expanded cooperative program,
in addition to the type-area studies which are cited in the sections
on the individual regions, were reports on public and industrial
water supplies in each of the five regions, published as U.S. Geological Survey Circulars 287, 299, 339, 341, and 369 (Pree and Walker,
1953; Palmquist and Hall, 1953; Maxwell, 1954; Brown, 1954; Baker
and Price, 1956). An updated similar report on the whole State
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has been published by the Kentucky Geological Survey (Kulp and
Hopkins, 1960).
Measurements of water levels made in observation wells in Jefferson County (Louisville) in 1935-60 and in the rest of Kentucky
in 1948-60 are presented in two reports by Whitesides and Nichols
(1962a, b).
Reconnaissance reports on ground water began with a hydrologic
atlas covering the whole State (Hendrickson, 1958). A reconnaissance report on each region has now been completed. That on the
Jackson Purchase has been published as Hydrologic Investigations
Atlas HA-13 (MacCary and Lambert, 1962). For each of the other
four regions the report consists of a water-supply paper containing
an interpretive text and 3 to 11 hydrologic atlases each of which
covers a few counties and contains a geologic map, a ground-wateravailability map, and a stratigraphic section, all with brief explanations. That on the Blue Grass region has been published as WaterSupply Paper 1533 (Palmquist and Hall, 1961) and Hydrologic
Investigations Atlases HA-15 to HA-25. Water-Supply Paper 1599
has been published for the Western Coal Field region (Maxwell and
Devaul, 1962). The remaining reports are in press: Mississippian
Plateau, Water-Supply Paper 1603 (Brown and Lambert, 1962) and
Atlases HA-32 to HA-35; Western Coal Field, Atlases HA-26 to
HA-30; and Eastern Coal Field, Water-Supply Paper 1607 (Price
and others, 1962) and Atlases HA-36 to HA-38.
More comprehensive studies are underway in the two areas of
largest potential ground-water supplies the Jackson Purchase and
the alluvial valley of the Ohio River and are planned for publication as hydrologic atlases. For the Ohio valley area, manuscripts
for 4 of 14 planned atlases had been completed by mid-1962, on the
Lewisport and Owensboro areas, the Catlettsburg-South Portsmouth
area, the Hawesville and Cloverport areas, and the South
Portsmouth-Manchester Islands area. Studies have been made of
the geochemistry of ground and surface waters in the Blue Grass
region (Hendrickson and Krieger, 1960; Hendrickson and Krieger,
publication pending) and in the upper Green River basin in connection with problems of pollution by oil-field brines (Krieger and
Hendrickson, 1960; Hopkins, 1962).
The State's enterprise in arranging for the expanded ground-water
studies is an indication of its attitude toward cooperative study of
all its natural resources. In recent years topographic maps of 7%minute quadrangles on a scale of 1:24,000 have been completed for
all of Kentucky. The topographic mapping is being followed up by
a 10-year cooperative program of geologic mapping, also at 1:24,000,
begun in 1960. The modern topographic and geologic maps will serve
as an excellent and indispensable basis for the ever more detailed
671316 0 63
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and comprehensive studies of water and other resources that will
be essential to the State's economic future.
OHIO RIVER VALLEY

The alluvial valley of the Ohio River in Kentucky is a narrow
strip along the river in its 664-mile course from the mouth of the
Big Sandy River (West Virginia line) to the junction with the
Mississippi at Wickliffe, Ballard County, across from Cairo, 111.
The valley floor on the Kentucky side is half a mile to a couple of
miles wide in most places but widens significantly in several areas
in the lower three-fifths of its course in the stretch at and below
Louisville; in the stretch between Hawesville, Hancock County,
and northern Union County which includes the Owensboro and
Henderson areas; and in and below the Paducah area. The Mississippi valley floor on the Kentucky side below Wickliffe likewise
varies in width from less than half a mile to several miles.
The Ohio and Mississippi valleys at several different times in the
Pleistocene Epoch were the spillways for glacial melt water from
the whole Midwest, and in them were deposited large quantities of
coarse, well-sorted sand and gravel, as well as some silt and clay
laid down in the wider stretches and backwaters. The outwash is
one of the most productive aquifers in this part of the country, and
it is freely recharged from precipitation and by infiltration from
the rivers. The Mississippi valley is included in the Jackson Purchase region for the purpose of this and other reports on ground
water.
Though the alluvial fill along the Ohio is very narrow in comparison to its length, it is wide enough that in most reaches it contains
at least as much water in storage as is present in the river itself
at times of normal flow, and outflow of the ground water helps considerably in maintaining the low flow of the river. Too, the river
receives from the north the inflow of many large streams which
drain glacial drift and outwash and which have well-sustained low
flows, as well as the inflow of a few well-sustained streams from
the south. Thus the Ohio in its surface flow and associated ground
water constitutes an enormously productive source of water which
has attracted many industries in all the Ohio basin States and will
attract many more. The river is an important waterway and is
constantly being improved as such. New high-lift navigation dams
are being constructed, each replacing several older low dams. These
navigation dams maintain good water depths in the pools yearround, even in dry weather, and are attracting more and more
recreational use.
The alluvial deposits of the Ohio in Kentucky are described in a
report by Walker (1957) which pays special attention to the "deep
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channel" the deep, relatively narrow channel in the bedrock which
swings from side to side independently of the present river and
in which the alluvium is thickest and most productive. Areal reports,
in addition to those on the Louisville area cited beyond, include
those on the Covington-Newport area across from Cincinnati, Ohio
(Walker, 1953), the Henderson area (Harvey, 1956a), and the Paducah area (Free and others, 1957). As stated previously, studies of
the rest of the valley are underway.
The pumpage of ground water in 1960, excluding that in the
Louisville area, was about 37 mgd, about 3 for public and domestic
supplies and 34 by industries. Total use of surface water, excluding
power production, was about 242 mgd, about 24 for municipal supplies and 218 by industries. The future potential use of both ground
and surface water is many times greater.
Problems include current or potential lowering of ground-water
levels in heavily pumped localities and high iron content and hardness of the ground water. High summertime temperature of the
river water interferes with direct use for cooling. It facilitates
induced infiltration to the ground by reducing the viscosity of the
water, but at the cost of reducing the value of the infiltrated river
water for cooling; nevertheless, owing to the heat-storage capacity
of the aquifer, the temperature of ground water recharged in part
by induced infiltration fluctuates much less than that of the river
water.
The river is badly polluted, though the situation has improved as
a result of the cooperative action of the States under the Ohio
River Valley Water Sanitation Compact. Some of the polluting
industrial wastes make the water difficult to treat by conventional
methods. Ground water recharged by induced infiltration is generally free of both bacterial and objectionable industrial wastes,
owing to the filtering action of the fine-grained mineral-organic
sediment on the river bottom, but pollution is still a possibility
where the intakes of the galleries or wells are only a few feet or
tens of feet from the river bottom.
LOUISVILLE AEEA

The Louisville area is the relatively wide section of valley floor
and the closely adjacent upland beginning at about the northeast
limit of Louisville and extending some 15 miles downstream about
to Kosmosdale at the Jefferson-Bullitt County line. It is the most
intensively developed and thoroughly studied ground-water area
in Kentucky. It is described in several general reports and papers
(Stuart, 1944a; Guyton and others, 1944; Rorabaugh, 1946a, 1949a,
b; Korabaugh and others, 1953; Bell, 1962; Bell and others, 1962) ;
in reports on specific parts of the area northeastern, including a
discussion of the fundamentals controlling induced infiltration
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(Eorabaugh, 1956), southwestern (Eorabaugh, 1946b; Walker, 1957),
and rural (MacCary, 1956); and in reports on specific subjects
water in bedrock (Hamilton, 1944; MacCary, 1955), chemical quality
of ground water (Sublett, 1945), artificial recharge (Stuart, 1944b;
Guyton, 1945, 1946; American Water Works Association, 1945), and
ground-water hydraulics (Eorabaugh, 1951, 1953, 1956; Walker,
195T).
Ground-water pumpage, used largely for industrial cooling,
increased gradually with the growth of Louisville and was about
37 mgd in 1937 and 1938. It increased during the defense and war
efforts to 46 mgd in 1941 and 62 mgd in 1943. At that time the
pumping exceeded recharge to the intensely developed localities, and
water levels were drawn very low (Guyton and others, 1944, p.
11-15). On the basis of the ground-water reports and through the
instance of the city and the War Production Board and the cooperation of the industries, pumping was reduced and filtered city water
from the river was recharged through wells at two of the most
heavily pumped installations. The net withdrawal decreased to 56
mgd in 1944, 45 mgd in 1945, and 37 to 32 mgd in 1946-48 (Eorabaugh, 1949b, p. 13); ranged from 29 to 32 mgd in 1949-55 (Bell and
others, 1962, fig. 4); and was 35 mgd in 1960. The pumping as distributed at present is not exceeding the recharge, but that in the
Eubbertown subarea in the southwestern part of the area is as heavy
as during the war and could not be increased substantially under present conditions. In the area as a whole, however, the pumpage is only
a fraction of the total potentially available by induced infiltration to
wells properly located near the river. For example, in northeastern
Louisville, where the conditions are especially favorable for induced
infiltration, Eorabaugh (1956, p. 152-159) estimated that 280 mgd
could be developed at times of minimum river temperature (maximum viscosity of water, and greatest drawdown of water levels)
from an infiltration gallery 34,000 feet long about 65 mgd per mile.
More could be withdrawn when the water was warmer. Conditions
are less favorable in the downtown area, where bedrock rises high
and restricts the thickness of permeable alluvium along the edge of
the river, and at places farther south where clay "blankets" on
the river bottom impede infiltration. Such conditions are found
also at places along the Ohio outside the Louisville area, and must
be watched for, but there are enough good areas to yield an enormous amount of water if studies as careful as that in northeastern
Louisville are made to guide the developments.
Because of growing urbanization in the Louisville area during
the 1950's, the pumping of ground water for truck farms decreased
greatly, but there was an increase in pumping for public and
domestic supply; thus the total now includes 3 mgd for public and
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domestic supply whereas much less was pumped for this use during
the war.
The figures for pumpage include several million gallons per day
from wells penetrating limestones of Silurian and Devonian age
in the bedrock beneath the glacial outwash (Hamilton, 1944). The
limestone in such a situation is more productive than where it is
overlain by fine-grained rocks, whether consolidated or unconsolidated, and where it is exposed in the uplands. Nevertheless, these
and older limestones of Silurian and Ordovician age below and
younger limestone, sandstone, and even shale of Devonian and Mississippian age above yield small supplies to many domestic wells
(MacCary, 1956).
About 84 mgd was pumped from the river for public supply, of
which about 30 mgd was furnished to industries. About 70 mgd of
raw river water was used by industries. Fuel-electric plants used
another 354 mgd from the river for cooling.
Problems include potential overpumping in the Rubbertown subarea, where water levels in 1960 were at or near the record lows of
1943. Completion of a floodwall at Louisville has eliminated the
use of some wells near the river, meaning that recharge from the
river in this stretch is now less than it was when those wells were
in operation. The ground water is of only moderately good chemical
quality, being generally very hard and in places having excessive
concentrations of chloride, sulfate, iron, and ammonia. Surface
water is often too warm in the summer to be as effective for cooling as would be desirable, and growth of algae makes it unsuitable
for some processes even when the temperature is not objectionable.
Ground-water withdrawal may be expected to increase as population and industrial activity grow. If new wells are located near the
river or away from other heavily pumped wells there will be no
serious adverse effects. Overpumping in any specific part of the
area cannot be a problem for long, because when the water levels
in alluvium approach bedrock, at a depth not exceeding 100 feet in
most places (MacCary, 1955), the yield simply falls off; and the
bedrock is not productive enough to make up the difference.
Thus the Louisville area, like the rest of the Ohio Valley, has a
very large ground-water potential, but only if the water is developed
where the conditions established by nature, rather than the convenience of man, are taken into account.
JACKSON PURCHASE REGION

The Jackson Purchase ground-water region is defined as the eight
counties of Kentucky west of the Tennessee River, an area of low
relief at the head of the Mississippi Embayment of the Coastal
Plain. The region thus coincides with the historical Jackson Purchase. It differs markedly in geology and physiography from the
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regions to the east, and it is bounded on the east by a major river,
the Tennessee, so quite understandably it was looked at and handled
as a separate package in the early history of the Midwest. Actually,
so far as geology is concerned, it can be considered to extend a little
farther east, about to the Cumberland Elver. It is underlain by
nearly flat lying strata of Mississippian age at the south end of
the southeastern extension of the Illinois basin, and the southwestward-sloping eroded surface of these rocks is overlain by southwestward-dipping, much younger Coastal Plain sediments of Cretaceous and Tertiary age. The oldest Cretaceous strata extend a little
east of the Tennessee River, in places not quite to and in places a
little beyond the Cumberland River. These strata are thin and are
separated from their westward extensions by the bedrock valley of
the Tennessee River, and they are not of much importance hydrologically.
The region is potentially one of the most productive ground-water
areas in Kentucky, second only to the Ohio River valley. Groundwater use in 1960 was small about 5 mgd, 3 for public and
domestic supplies and 2 for industries. Pumpage at the Shawnee
steam plant near Paducah and at Paducah itself is not included,
as these areas are considered a part, of the Ohio valley in groundwater reports. Use of surface water, all by industries, was about
19 mgd. Total water use in the region approximately doubled
during 1950-60, principally as a result of increased use of surface
water in the Calvert City area. Ground-water use has increased
more slowly but may be expected to continue to increase indefinitely.
The Cretaceous strata include considerable sand and gravel and
yield moderate to large supplies as much as 800 gpm and commonly more than 100 gpm. The strata are tapped in their outcrop
area and down the dip beneath Tertiary strata in the four updip
counties, Galloway, Marshall, McCracken, and Ballard. No doubt
they will eventually be tapped in the other four counties as well,
though it is not certain that the strata contain fresh water all the
way down the dip to southwesternmost Kentucky. The extensions
of the strata east of the Tennessee River yield domestic supplies
but are not known to be capable of yielding larger supplies.
Strata of Tertiary (Eocene) age contain water-bearing sand
throughout most if not all of the area they underlie. They are
absent only in the easternmost part of the region, where Cretaceous
and, in a few small areas, Mississippian rocks crop out. Near those
areas the Tertiary strata of course are thin and yield relatively
small supplies. Where thick they yield as much as 1,400 gpm to
wells, and yields of several hundred gallons per minute are common.
Terrace deposits of late Tertiary (Pliocene) age mantle the older
rocks in the uplands in most of the region. They are absent only
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where they have been cut away along the valleys. They are as thick
as 65 feet and consist of gravel in a finer grained matrix. They
yield domestic supplies to large-diameter dug or bored wells, but
not larger quantities adequate for public, industrial, or irrigation
supply.
In a broad belt in the western four counties and northwestern
McCracken County the Tertiary rocks are mantled by loess of
Pleistocene age. The loess forms bluffs along the Mississippi Valley,
where it is as much as 40 feet thick, and thins to a featheredge
eastward. It yields small supplies to dug wells but little or nothing
to drilled wells.
Alluvium of Pleistocene age along the Ohio and Mississippi
Rivers forms a highly productive aquifer, though it is finer grained
and less productive than that along the Ohio farther upstream.
That along the Ohio is included in the Ohio Valley area. That
along the Mississippi is considered a part of the Jackson Purchase
region. It is pumped on only a small scale at present but undoubtedly will becalled on to meet larger demands in the future.
Alluvium of Recent age, which caps the Pleistocene, is prevailingly fine grained and not very productive, though it will yield
some water to large-diameter wells. It ranges in thickness from
a few feet to a few tens of feet.
Water from the alluvium is generally harder than that in the
Tertiary and Cretaceous strata, as the alluvium consists in substantial part of particles of limestone and dolomite eroded by glaciers
and streams from the vast areas of carbonate rocks of Paleozoic
age in the States north of the Ohio River. It commonly has an
excessive content of iron also. It is suitable without treatment for
noncritical uses such as cooling, though it may tend to form scale
in heat-exchange equipment. It needs to be softened and reduced
in iron content to be satisfactory for many other uses, including
domestic, though much of it is used "raw" to save the expense
of treatment.
The Purchase until recent years was mostly a farming area, but
industries are beginning to be attracted to it. Also, supplemental
and perhaps locally full-scale irrigation will be practiced. The
region is capable of meeting demands for ground water many times
larger than the present, but detailed hydrologic studies are needed
to provide a sound basis for future development. Such studies are
now underway. More detailed geologic mapping is needed than
has been done to date, and because of the low relief and scarcity
of good outcrops much of the mapping must be "subsurface" work
based on study of lithologic and electric logs of wells and boreholes. Reports completed to date include the reconnaissance report
published as Hydrologic Investigations Atlas HA-13 (MacCary and
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Lambert, 1962) and a brief report on the Calvert City-Gilbertsville
area (Free and Walker, 1952).
MISSISSIPPIAN PLATEAU REGION

The Mississippian Plateau region is a roughly crescent-shaped
area in western, southern, and central Kentucky which encircles
the Western Coal Field region on the west and the Blue Grass
region on the east. The Plateau, as its name implies, is underlain by
strata of Mississippian age which consist mostly of limestone but
include some sandstone and shale. The prevailingly sandy and shaly
deposits of the lower part of the Mississippian which crop out
around the Blue Grass region form a chain of low hills known as
the "Knobs." The Mississippian strata pass beneath the Pennsylvanian rocks of the Western and Eastern Coal Field regions.
The Plateau is characterized by low relief, except in the "Knobs"
and near large streams elsewhere, and in large areas by underground
drainage into cavernous limestone. The famous Mammoth Cave is
in the Plateau. The Pennyroyal country southwest of Mammoth
Cave in Kentucky and adjacent Tennessee is a typical area of
underground drainage in which small streams are almost lacking
and much of the precipitation drains underground to trunk streams.
The limestone is not so productive an aquifer as might be inferred
from the prevalence of underground drainage. It is true that
much of the limestone is cavernous, but the caverns tend to drain out
in dry weather, and the adjacent rock may be of very low
permeability. Furthermore, in some areas the water tends to become
saline below depths that may be as little as 50 or 75 feet. Nevertheless, in favorable areas where the saline water has been flushed out
and the cavernous rock extends considerably below the water table,
large yields are obtainable. The region has many springs, some
large, which may represent more or less normal drainage of ground
water or may be simply the outlet of a stream that went underground some distance away; the flow of the larger springs,
especially those of the latter type, is highly variable, responding
quickly to rainfall and declining quickly afterward.
Ground-water use, excluding that in the Ohio valley, was about
4 mgd in 1960, 3 for public and domestic supply and 1 for industry.
About two-thirds of the water came from springs. Surface-water
use, excluding that for electric power, was about 10 mgd, 7 for public supply and 3 for industry. The use of both ground and surface
water undoubtedly will increase at least moderately in the future.
Supplemental irrigation will probably increase.
Problems include the erratic distribution of productive zones in
the limestone and the need for information on the principles of
limestone hydrology that would improve the chances of obtaining
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successful wells. Ground-water supplies in areas distant from the
major streams tend to diminish in dry weather, as the average
storage capacity of the rock is low in spite of the scattered cavernous
zones. The presence of thousands of shallow sinkholes some of
which accept water freely and others of which are "plugged" by
fine-grained sediments, together with the lack of integrated surface
drainage, leads to special problems of drainage.
The* most critical individual problem at present is contamination
of both ground and surface water in the upper Green Eiver basin
by brines from oil fields in Green and Taylor Counties. The
contamination has affected the water supply of Mammoth Cave
National Park. Studies of ground water and geochemistry are underway in and downstream from the oil-field areas.
The hydrology of the larger springs is being studied with a view
to evaluating them more adequately as sources of future water
supplies (Van Couvering, 1962).
Published reports on the area include brief ones on the Campbellsville and Elizabethtown areas (Otton, 1948a, b) and a more
comprehensive one on the Hopkinsville quadrangle (Walker, 1956a;
see also Walker, 1956b). A report on the Scottsville area is in course
of publication (Hopkins, 1962). Also completed are the reconnaissance report to be published as Water-Supply Paper 1603 (Brown and
Lambert, 1962) and Hydrologic Investigations Atlases HA-32 to
HA-35.
BLUE GRASS REGION

The Blue Grass ground-water region (Palmquist and Hall, 1961)
is defined as the group of counties whose outer boundaries coincide
most closely with the limits of the Lexington plain section of the
Interior Low Plateaus province. The general area is known to the
public as the Blue Grass region, or just the Blue Grass. It lies in
north-central Kentucky and is a structurally high but physiographically level area underlain by Ordovician, Silurian, and Devonian
rocks. Louisville lies just at the west edge. The region is-bounded
by a low escarpment, the "Knobs," of Mississippian rocks which is
considered a part of the Mississippian Plateau region. The region
can be divided into inner and outer sections, the inner Blue Grass
being underlain by thick, pure 'limestones mostly of Middle Ordovician age and the outer section by outward-dipping thin beds of
limestone and shale mostly of Late Ordovician age but including
strata of Silurian and Devonian age at the outer edges.
The limestone of the inner Blue Grass, though thick and soluble,
contains shaly zones which are important hydrologically because
they limit the circulation of water and the development of permeable
zones. The variety of shale known as "bentonite" is especially impermeable. The clay particles swell when wet and the whole mass
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becomes nearly watertight. Bentonitic clay is widely used as a sealant
to prevent leakage from ponds and canals in the West.
Hamilton (1948, 1950) worked out criteria for predicting the
occurrence of ground water in the inner Blue Grass, especially as
affected by physiography, direction of the patterns of joint cracks
in the soluble rocks, and occurrence of permeable zones in relation
to impermeable beds in various topographic positions. Use of the
criteria in locating wells makes it possible to achieve a high degree
of success in drilling, whereas before they were worked out the
proportion of successful wells was no more than perhaps 1 out of
5 (Hamilton, 1950, p. 23-48).
In the outer Blue Grass the conditions are even less favorable
because the limestone beds are thinner and there is more interbedded
shale. Limestone that underlies shale will rarely yield much water
except near streams that have cut through the shale (Palmquist and
Hall, 1961, p. 24).
The only wells in bedrock that produce more than 100 gpm are in
thick limestone of Middle Ordovician age in the inner Blue Grass,,
Elsewhere only 7 wells that were recorded yielded more than 25
gpm, and only 2 more than 50. Nearly all successful wells in bedrock
are less than 100 feet deep (idem, p. 20-21). Wells in alluvium
along the Ohio yield moderate to large supplies, but this area is
considered separately. Along streams within the region the alluvium
is generally fine grained and not a good aquifer.
In the region as a whole the ground water is hard to very hard.
About one-eighth of the existing wells are reported to yield water
containing excessive sodium and chloride '(and thousands of wells
that have been drilled were never used because of too much salt),
and about one-fifth yield water containing noticeable amounts of
hydrogen sulfide.
Use of ground water in 1960, excluding that in the Ohio valley,
was only about 2 mgd, 1 for public and domestic supply and 1 for
industry. About two-thirds of the ground water came from springs.
About 42 mgd of surface water was used for purposes other than
electric-power production, 18 for public supply and 24 for industry.
Use of water doubtless will increase substantially, one of the promising uses being that for supplemental irrigation to assure and
increase crop yields.
The principal ground-water problems are those of availability and
quality and of depletion during droughts. As water use increases,
the relation of surface water to ground water will become increasingly important. Supplies of both diminish in dry weather, and
at such times the surface flow is derived largely from springs, which
are the chief source of ground-water supplies at present. The hydrology of the larger springs is being studied (Van Couvering, 1962).
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Records of deep wells are few and are studied carefully for indications of the presence of usable water below the relatively shallow
zone that supplies existing wells and springs.
WESTERN COAL FIELD REGION

The Western and Eastern Coal Field regions are areas of somewhat higher elevation and greater ruggedness than the Mississippian
Plateau, underlain by rocks of Pennsylvanian age resting upon the
Mississippian. The rocks are largely sandstone and shale and include
the coal beds that give the regions their names.
The strata of the Western region form a -broad, shallow trough
inclined gently toward the Illinois basin to the northwest. They
include, besides sandstone, shale, and coal, some conglomerate, siltstone, and limestone. All the rocks except shale yield supplies adequate for at least domestic use to most wells, and the sandstone yields
100 to 500 gpm to some wells for public or industrial supply.
Use of water is related largely to exploitation of the region's
resources of coal, oil, and gas. The use of ground water in 1960,
excluding that along the Ohio, was about 2 mgd, divided equally
between public and domestic use and industrial use. About 7 mgd
of surface water was withdrawn, 2 for public supply and 5 for
industrial use other than fuel-electric power generation, especially
for washing coal. Substantial and increasing quantities of water
are used for "flooding" oil and gas sands to increase "secondary
recovery."
Water draining from both underground and strip coal mines
creates a problem, as it is acid and tends to contaminate streams
and the adjacent ground water. Draining of underground mines is
a problem also because of the expense involved in getting rid of the
water.
There is a need for detailed ground-water studies to identify
the better water-bearing strata and to correlate them from place
to place to enable predicting more easily and reliably where the
chances for success in drilling are best. The reconnaissance report
published as Water-Supply Paper 1599 (Maxwell and Devaul,
1962) and Hydrologic Atlases HA-26 to HA-30 will be of considerable help, but more detailed work would be desirable.
EASTERN COAL FIELD REGION

The Eastern Coal Field region is similar to the Western in
geology and in ground-water availability, use, and problems. It is
higher and more rugged, being a part of the Appalachian Highlands.
The strata form a broad, shallow trough alined parallel to the northeastward trend of the Appalachian structure. Because of greater
relief and the resulting more rapid runoff of surface water and
drainage of ground water from exposed strata, ground-water condi-
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tions are somewhat less favorable than in the Western Coal Field
region, and there are fewer wells of large yield. Nevertheless,
ground-water use in 1960 was greater, about 4 mgd, of which 2 was
used for public and domestic supply and 2 for industry. Surfacewater use also was greater, about 57 mgd, of which 7 was used for
public supply and 50 for industrial purposes other than electricpower production.
Water use will increase in the future to the extent that the
lagging economy of the area can be improved. The potential supply
of both ground and surface water is much greater than the present
use; it can be developed successfully, however, only on the basis
of more detailed hydrologic data than have been gathered to date,
especially in view of the prevailingly unfavorable hydrologic
conditions.
Water supplies diminish in dry weather, owing to the paucity
of ground-water storage, and the water in streams at low flow is
contaminated by sanitary and industrial wastes, including acid
mine water and brine and other wastes from oil and gas fields.
Flash floods in wet weather are another serious problem.
The ground water is described in the reconnaissance report to
be published as Water-Supply Paper 1607 (Price and others, 1962)
and Hydrologic Atlases HA-36 to HA-38. Published to date have
been a brief report on the London area (Otton, 1948c) and more
comprehensive reports on the Paintsville area (Baker, 1955) and
the Prestonsburg quadrangle (Price, 1956). An integrated study
of availability and quality of surface and ground water is underway
in furtherance of the State's efforts to stimulate the economy of
the region. A study of the effects of strip mining is underway in
the Beaver Creek basin (Collier and others, publication pending).
A progress report presenting ground-water data on the basin has
been released to the open file (Hendrickson, 1959?).
PROSPECTS AND NEEDS

Kentucky has large water resources, but except along the Ohio
Kiver and in the Jackson Purchase region they are not easy or
cheap to develop because of difficulties related to flashy runoff and
scattered occurrence of good ground-water areas. The State's
economy has been based to a substantial degree on coal mining,
currently a depressed industry especially in the Eastern region.
The State is optimistic about its economic future, and it is anxious
to assure that its water resources will make the greatest possible
contribution toward future goals. Accordingly, it has devoted a
great deal of attention to the problem of enacting water-control
legislation that will promote rather than restrict the effective
exploitation of water resources. The Kentucky Legislative Research
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Commission, an arm of the General Assembly, in 1956 published
the results of a study of water-rights law. The 1959 report of the.
Kentucky Water Resources Study Commission includes broad
recommendations as to the features of needed water legislation:
highest priority for domestic use; landowners to have the right to
retain as much of the water falling on their land as they can put
to beneficial use, as well as the right to use for agricultural purposes
water coming onto or under their land unless the courts establish
an overriding public need for the water, and in that event to be
given time to make appropriate economic adjustments or to be
compensated for the loss of water they have been using for agriculture; establishment of firm water rights for municipalities or
water companies on the basis of so much water per person served,
so as to assure recovery of long-term investments in production and
treatment facilities; establishment of a central water agency; implementation of existing legislation providing for control of pollution
to encourage multiple reuse of water; establishment of revolving
funds to finance waterworks and sewage-disposal systems on a
loan basis; provision for loans or grants to enable communities
to meet their obligations related to flood protection; provision for
financing the enlargement of existing or proposed single- or
limited-purpose structures to enable multiple-purpose use of water;
zoning of flood plains for flood protection and of other areas to
prevent incompatible uses of land; registration of drillers and
furnishing of well data to a central repository; and strengthening
of legislation governing construction and abandonment of oil and
gas wells and disposal of wastes. In regard to the last, a new "Act
Relating to the Regulation, Conservation and Production of Oil
and Gas" was passed by the 1960 General Assembly and became
law on June 15, 1960. The act gives the State Department of Mines
and Minerals broad authority to regulate oil and gas production
to prevent waste of these resources and damage to water supplies
or other resources, and to require the filing of information on subsurface conditions revealed by drilling. The latter provision will
add greatly to the subsurface information available for study in
regard to ground-water occurrence.
The recommendations are listed in some detail to show that Kentucky is alert to the dangers of uncontrolled water development and
waste disposal and to the opportunities afforded by wise development. Thus, the State's determination to make its large water
resources contribute to a prosperous future surely will be rewarded.
LOUISIANA
Large supplies of ground water and large and occasionally excessive supplies
of surface water. State is discharge end of drainage basins which occupy all
or parts of 31 States and 2 Canadian provinces and drain about two-fifths of
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area of conterminous States plus a substantial area in Canada. Precipitation
. from about 48 to 52 inches in northwest to 66 inches or more in southeast;
'in 1931-55 averaged something more than 60 inches, higher than in any other
State except Hawaii. Runoff within State from about 14 to 16 inches in northern part to about 24 inches in southern part; averages 20 to 22 inches for total
of 46 to 51 bgd. In addition, State receives water in form of runoff from
other States which flows into, past, or through Louisiana in Sabine, Red,
Ouachita, Pearl, and Mississippi Rivers and their tributaries. Moderate to
large supplies of ground water available in more than three-fourths of State;
small to moderate supplies in parts of central and northwestern Louisiana;
little or no potable ground water in one belt in central Louisiana and in much
of southeastern part generally south of New Orleans. Overall water supply
largest in Nation.
Principal concerns are flood control and drainage. Nearly three-fourths of
population and two-thirds, of industry are in parts of Mississippi, Atchafalaya,
Red, and Ouachita River valleys which, though protected by levees, are subject
to flooding if the levees break. In addition to completion of authorized or
proposed flood-control projects, needs include measures to increase low flow
in streams for water supply and to repel salt-water encroachment in lower
reaches; diversion of water to make up ground-water deficiencies in parts
of rice-irrigation and industrial areas; extension and deepening of parts of
navigable waterways in what is already Nation's largest system with 7,500
miles including 2,200 of major arteries; control of pollution within and especially upstream from State; improvement of lakes and protection of beaches
for recreational uses; and protection of fish and wildlife from undue effects
of navigation, drainage, and reclamation projects and increasing development
of near-shore and offshore areas for oil, gas, salt, sulfur, and other minerals.
General outlook favorable in view of large resources, growing economy,
and substantial action to date on all major water-related problems.

Louisiana is the wettest of the conterminous 48 States. It is second
only to Hawaii in average precipitation; like Hawaii, it receives
all its precipitation as rain. Not even counting the Sabine River
along its western border and the Pearl along the eastern, the streams
of which Louisiana is the downstream end drain a million and
a quarter square miles about two-fifths of the area of the 48 States,
including all or parts of 31 States plus some thousands of square
miles in 2 Canadian provinces (State Officials, 1960, p. 88-89). Nearly
three-fourths of its people live and two-thirds of its industry is
situated in the one-third of its 48,523 square miles that lies in valleys
which, in the event of levee breaks, are subject to flooding by the
Mississippi, Atchafalaya, Red, and Ouachita Rivers. More tKan
three-fourths of the State is underlain by fresh-water aquifers capable of yielding moderate to large supplies of ground water, a considerable part of it soft and low in mineral matter. In less than
a tenth of the State is potable ground water scarce or absent, and
in much of this part large quantities of saline water could be
pumped.
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Hence, Louisiana's water problems have been largely those of
flood control and drainage. Problems involving maintenance and
extension of navigable waterways, pollution from intrastate but
especially upstream sources, salt-water encroachment in the lower
reaches of the streams and in a few aquifers, shortage of water
in some streams in dry weather, and substantial lowering of groundwater levels especially in parts of southwestern Louisiana are less
serious but are not to be and are not being ignored.
As the coastal end of the Nation's largest drainage basin, it is to
be expected that Louisiana would be low and relatively flat. Only the
drainage divides in the west-central and northwestem parts rise as
high as a few hundred feet above sea level, and even these have
little relief. The eastern part represents the wide, flat valley of the
lower Mississippi, and the southern part is a low, flat coastal plain
including as its eastern segment the extensive delta of the Father
of Waters.
Louisiana, small and compact enough that none of it is as far
as 250 miles from the Gulf of Mexico, has the highest precipitation
of any of the conterminous States. The precipitation ranges from
about 48 to 52 inches in the uppermost part of the Red River basin
within the State and increases eastward and southeastward to 66
inches or more in parts of the southeast. It averages about 56 inches
according to a report of the Louisiana Department of Public Works
(1956, p. 5, 15), but a rough computation made from a map of the
U.S. Weather Bureau (1960b) covering the period 1931-55 gives
an average of a little more than 60 inches. Some of the storms are
very heavy; as much as 21.4 inches in 24 hours has been recorded
(Louisiana Dept. Public Works, 1952, p. 9, 48-51). There is a substantial variation in average annual precipitation, which was 76
inches in 1905 but only 38 inches in 1924 (Louisiana Dept. Public
Works, 1956, fig. 9).
Evapotranspiration is high because of the flatness of the surface,
the warm climate, and the heavy vegetation, and the runoff is not
as great as it would be from the same precipitation in a cooler and
more rugged area. It ranges from as little as 14 to 16 inches in
the northern part of the State to as much as about 24 inches in the
southern part. It averages about 20 to 22 inches for a total within
the State of about 46 to 51 bgd. The total water supply, including
as it does the average of three-quarters of a million cubic feet per
second (equivalent to more than 200 inches of water per year over
the State's area) flowing in the Mississippi and Atchafalaya plus
Louisiana's share of the comparatively small flow of the bordering
Sabine and Pearl Rivers, is the largest in the Nation.
Nevertheless, there is a shortage of water in some streams in dry
weather. The shortage leads to deficiencies in supply in inland
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stretches and to salt-water encroachment in tidal stretches. The
salt water makes the water unusable for ordinary purposes and
encroaches, or threatens to encroach, into some heavily pumped
aquifers. Storing the overabundant floodflow for dry-weather use
is difficult because of the scarcity of good reservoir sites in the flat
terrain. There is local and even regional overpumping of ground
water. Pollution by sanitary and industrial wastes in the streams
is another problem, potentially serious because much of it is beyond
Louisiana's control, representing the waste products contributed by
upstream States along with their surplus water. Sedimentation also
is a problem, aggravated in places by flood-control reservoirs which,
though they slow down flood runoff and save lives and property,
also provide a means for settling out of sediment that was once
carried on to the Gulf. For example, Grand Lake in the Atchafalaya
basin had an area of 104 square miles in 1934. The area now is only
half as great, and the lake is expected to disappear before 1980
(State Officials, 1960, p. 91).
Thus, Louisiana does have some problems of water supply, in spite
of the size of the total supply, as well as some problems of water
quality.
The State lies in the Coastal Plain province. The western half
is in the West Gulf Coastal Plain section, and most of the eastern
half is in the Mississippi Alluvial Plain section. The part east^ of
the Mississippi and north of the latitude of Baton Rouge and Lake
Pontchartrain is in the East Gulf Coastal Plain section.
The rocks lying at the surface and extending to depths ranging
from some hundreds of feet at the northwest corner to many thousands of feet at the south edge are of Tertiary and Quaternary age
and are largely unconsolidated. Similar rocks of Cretaceous age lie
below. Generally southward-dipping strata ranging in age from
Paleocene to Pliocene crop out or are veneered by Quaternary sediments in the higher ground in the northwestern and western parts of
the State and along the north edge of the southeastern extension.
Sediments of Quaternary age overlie the Tertiary rocks to substantial depths in the whole Mississippi Alluvial Plain, in the Red
River Valley, and in a wide belt along the south coast. Owing to
the flatness of the terrain and the widespread veneer of Quaternary
sediments, outcrops of the older rocks are few and much of the great
deal that is known of the pre-Quaternary geology has been deduced
from the logs of wells, especially of the thousands of test and production wells drilled for oil and gas. The same thing applies to
the geology of the thick Quaternary sediments of the Mississippi
Alluvial Plain and the southern belt.
Water use is large according to the State, larger than in any
other Southern State except Texas (State Officials, 1960, p. 90).
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According to Snider and Forbes (1961), the total use of fresh
water in 1960 was about 5,400 mgd, distributed as follows: 174 mgd
of surface water and 93 mgd of ground water for public supply, 16
and 52 mgd for rural supply, 3,705 and 381 mgd for industrial
supply, and 492 and 503 mgd for irrigation. The figures for ground
water do not include some millions of gallons per day discharged
from unused flowing wells.
About 600,000 acres is under irrigation more than in any other
of the 31 Eastern States; about 250,000 acres depends on ground
water. Quantities used for irrigation are large, especially for rice
culture,7 for which a large
amount of water is used to flood the fields
~
at certain times during the growth of the crop as well as to meet
the water requirements of the rice plants themselves. Large and
increasing quantities of water are used by industry and municipalities.
QROUND-WATER RESOURCES

The large ground-water resources of Louisiana are described in, a
substantial and growing number of reports prepared by the U.S.
Geological Survey in cooperation with the Louisiana Geological
Survey, of the State Department of Conservation, and the Louisiana
Department of Public Works. An excellent and up-to-date summary is presented by Hollo (1960). Brief summaries for all the
parishes (counties) have been published in parish planning reports
of which those prepared by the St. Charles Parish Planning Board
(1948) and the Morehouse Parish Development Board (1952) in
cooperation with the State Department of Public Works are typical.
The water problems of the State are discussed in a 1956 report to
the State Legislature (Louisiana Dept. Public Works, 1956), as
well as in the State's report to the Senate Select Committee (State
Officials, 1960, p. 88-93)."
Old reports (Harris, 1904; Veatch 1906a) covered the groundwater resources in a general way and provided valuable background
for later studies. Useful information relating to ground water
is found in reports on the unconsolidated deposits prepared for other
reasons for example, the report on sand and gravel deposits by
Woodward and Gueno (1941), the report on the subsurface geology
of the Pleistocene by Frink (1941), and a number of reports by
H. N. Fisk including a summary published in the Journal of Geomorphology in 1939. Detailed reports on geology prepared by members of the Louisiana Geological Survey and published by that
agency have covered about a third of the State's 64 parishes; that
on Sabine Parish is typical (Andersen, 1960).
The most comprehensive work done to date by the Federal Survey
and the cooperating State agencies is that in the 13 parishes of
southwestern Louisiana, between the Sabine River on the west and
671316 O 63
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the Atchafalaya on the east, and south of the north lines of Beauregard, Alien, Evangeline, and St. Landry Parishes. The area
includes the principal rice fields in Louisiana, rice being grown in
all the 13 parishes except St. Mary in the southeast. The geology
and ground-water resources are described by Jones and others
(1954); a slightly revised version of the same report is included in
the comprehensive report on the water resources of the area by Jones
and others (1956). These reports contain data through 1951. The
data on ground water are brought up to date and interpreted each
year or two for 1952 and 1953, 1954, 1955, and 1956-57 l^y Fader
(1954, 1955, 1957, 1958), for 1957-58 by Turcan and Fader (1959),
and for 1958-59 and 1959-60 by Harder (1960a, 1961). These
progress reports discuss the current situation in terms of the effect
of pumping on water levels, and certain ones go into other subjects
the 1955 one into salt-water problems and the 1957-58 one into
the content of iron in the water from the principal aquifer. A
journal article (Jones, 1954) describes ground water in the lower
part of the Vermilion River basin, and a report to the Department
of Public Works by Fader and Harder (1954) discusses the probable
effect on ground water of reservoirs proposed on Bayou Cocodrie
and the Calcasieu River, as well as the effect of infiltration from
the Vermilion River. Detailed descriptions of ground water in 3 of
the 13 parishes are contained in reports by Stanley and Maher
(1944) on Jefferson Davis and Acadia Parishes and by Harder
(1960b) on Calcasieu Parish.
A report by Newcome (1960) describes ground water in the alluvium of the Red River in Louisiana. Hydrologic Investigations
Atlases HA-2 and HA-3 (Lohman and Burtis, 1953a, b) list reports
on and show the general availability of ground water in the Red
River basin, which includes about the northern half of Louisiana.
The abundant and as yet largely undeveloped ground-water
resources of an area typical of the Mississippi Alluvial Plain in
northeastern Louisiana are described in a report on West Carroll
and East Carroll Parishes by Poole (1961b) and a report on an
area in Madison Parish by Turcan and Meyer (1962). The somewhat less abundant resources of northwestern, north-central, and
central Louisiana are described in reports on Caddo and Bossier
Parishes by Wiringa (1943); on the Monroe area in Ouachita
Parish by Jones and Holmes (1947) ; on De Soto Parish by Free
(open-file report, 1957; to be combined with a report on surface
water by L. V. Page and published as a water-supply paper of the
U.S. Geol. Survey) ; on Red River Parish (including surface water)
by Newcome and Page (1962); on the Natchitoches area in Natchitoches Parish by Maher and Jones (1949); on Grant and LaSalle
Parishes by Maher (1941) ; on Camp Livingston on the Grant-
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Rapides Parish border and Camps Beauregard and Claiborne and
Esler Field within Rapides Parish by Maher (1942a, b); on the
Alexandria area in Rapides Parish by Maher (1940a), Maher and
Jones (1945), and Klug (1955a) ; on Rapides Parish itself by
Maher (1940b) ; and on fluoride in ground water in Avoyelles
and Rapides Parishes by Maher (1939). The area including Leesville and nearby Camp Polk and North Camp Polk in Vernon
Parish, in which there are both highly and moderately productive
ground-water sources, is described by Klug (1955b), Maher and
others (1943), and Maher (1945).
The important and heavily pumped Baton Rouge area is described
by dishing and Jones (1945), Meyer and Turcan (1953, 1955), and
Morgan (1961). The water resources of the New Orleans area,
which is on the borderline between fresh and salty ground water,
are described by Eddards and others (1956). Ground water in the
area between Baton Rouge and New Orleans is described by Cardwell and Rollo (1960).
Turcan discusses the use of ground water in Louisiana for
industrial purposes (1951, 1955) and public supply (1952), and
Snider and Forbes (1961) tabulate pumpage of both ground and
surface water in 1960, by principal uses.
Recent publications describe possible sources of emergency water
supplies in the Alexandria area (Newcome, 1961) and Calcasieu
Parish (Swindel and Hodges, 1962).
The report by Rollo (1960) contains a great "deal of useful
information. It includes, in addition to a descriptive text, a
generalized geologic map of the State; a "fence diagram" showing
the subsurface geology; a contour map showing the altitude of the
base of fresh ground water (denned as ground water containing
less than the U.S. Public Health Service's recommended limit of
250 ppm of chloride); and a map showing the general availability of
ground water. It contains also an idealized electrical log showing
how the deflections of the curves on the graphs are interpreted in
terms of ground-water occurrence and quality, typical cross sections
of the principal stratigraphic units based on electric logs, a map
showing the major features of the geologic structure and a map
showing the principal salt domes (both structure and salt domes
have important local effects on the occurrence and quality of ground
water), maps showing areas where the different major stratigraphic
units contain fresh water, and chemical analyses of water from the
most important aquifers. That such a meaty report could be prepared at all is a tribute to the ability of petroleum geologists and
ground-water hydrologists to interpret electric logs in terms of
ground water and of course is a reflection of the fortunate fact
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that Louisiana has petroleum, sulfur, and salt resources worth
the drilling of thousands of wells to explore and exploit.
The ground-water map in Hollo's report (1960, pi. 4) shows 5
major types of ground-water areas, all but 1 of which have 3 subdivisions each. Briefly, their characteristics are as follows (idem,
p. 50-53):
EEGION 1, MODERATE TO LARGE SUPPLIES OF SOFT WATER

A. North-central Louisiana, generally between the Red and
Ouachita River valleys and north of Grant and LaSalle Parishes.
The chief aquifer is the Sparta Sand, of Eocene age, which contains
fresh water to depths ranging from 100 feet or less to a maximum
of about 800 feet below sea level. Wells are generally 100 to 900
feet deep and yield 200 to 1,200 gpm and locally as much as 2,000
gpm. Water levels are generally 40 feet or more below the land
surface.
B. Most of Vernon and western Rapides Parishes. The chief
aquifers are sands of Miocene age, which contain fresh water to
depths of 1,000 to 3,000 feet below sea level. Wells are as deep
as 1,500 feet and yield as much as 1,200 gpm. The head in areas
where the withdrawal is slight ranges from 100 feet below the land
surface to 30 feet above.
C. Northern part of southeastern Louisiana, east of Baton Rouge
and north of New Orleans. The principal aquifers are sand and
gravel of Quaternary (Pleistocene) and Tertiary (Pliocene and
Miocene) age and contain fresh water to depths that exceed 3,500
feet in places. Wells are generally 400 to 2,400 and locally 2,800
feet deep. Water levels in areas of light draft range from not far
below the land surface to 125 feet above. Industrial wells yield an
average of about 1,000 gpm. One well at Slidell yielded 3,200 gpm
by natural flow. This is the most promising area in the State for
large additional quantities of water of excellent chemical quality.
REGION 2, SMALL TO MODERATE SUPPLIES OF SOFT WATER

Region 2 includes several areas in northwestern and central Louisiana on either side of the Red River Valley: an area in the northwest
corner of Caddo Parish and of the State; an area west of the valley
extending from southern Caddo Parish to northern Vernon and
northwestern Rapides Parishes, interrupted by a narrow belt in
southern Sabine and Natchitoches Parishes; an area on the east side
of the valley extending from central Bossier Parish to northern
Natchitoches Parish; and an area in central Grant and LaSalle
and northeastern Rapides Parishes. The aquifers are sands ranging
in age from Paleocene to Pleistocene. Wells are generally not more
than 300 to 400 feet deep and yield from a few gallons per minute
to about 500 gpm.
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REGION 3, MODERATE TO LARGE SUPPLIES OF HARD WATER AND SMALL TO
LARGE SUPPLIES OF SOFT WATER

A. Red River Valley from the Arkansas line to the west edge of
Avoyelles Parish, except for two areas (in region 4-A) in western
Red River and eastern Natchitoches Parishes. The Quaternary alluvium ~of the Red River yields as much as 1,300 gpm of hard water
to wells generally less than 150 feet deep; water levels are generally
20 to 30 feet below the surface. Underlying sands of Paleocene to
Miocene age yield small to moderate and locally large supplies of
soft water, as they do in adjacent, areas in region 2. Wells in the
northern part of region 3-A generally are shallow and yield 200
gpm or less; those in the southern part, near Alexandria, are as
much as 1,200 feet deep and have larger yields, averaging 400 gpm.
Water levels in lightly pumped areas are generally 20 to 30 feet
below the surface.
B. A sizable area extending from Beauregard and northern Calcasieu Parishes along the Texas line on the west through Evangeline
Parish on the east, and another sizable area including southern
LaSalle Parish, central Catahoula Parish, and southernmost Tensas
Parish and extending southward in a belt 10 to 30 miles wide
west of the Mississippi as far as West Baton Rouge Parish. Quaternary sand and gravel yields large quantities of hard water to wells
generally 150 to 700 feet deep. The maximum yield of a well in
the western area, a part of the rice-growing area of southwestern
Louisiana, is 6,000 gpm, and rice-irrigation wells yield an average
of 1,800 gpm. Pliocene and Miocene sands below contain fresh
artesian water to depths exceeding 2,500 feet in places and yield 300
to 1,500 gpm of soft water to wells. Water levels in most places
are 10 to 50 feet below the surface, but some wells in the deeper
sands flow; the highest recorded head is 55 feet above the surface
at Krotz Springs at the east edge of St. Landry Parish in the
eastern area.
C. An area on the west including the northwestern two-thirds of
Morehouse Parish and the eastern third of Ouachita Parish, and a
strip up to 10 miles wide on the east in northeastern East Carroll
and eastern Madison Parishes, adjacent to the Mississippi River.
Alluvial sand and gravel of Quaternary age yields large quantities
of hard water to wells generally less than 200 feet deep. Water
levels in lightly pumped areas are within 20 feet of the land surface.
Wells yield as much as 2,800 gpm but potential yields are as high
as 7,000 gpm (p. 74).
Beneath the alluvium in the western area are sediments including
the Sparta Sand of Eocene age, which at Bastrop yields as much
as 1,700 gpm to wells about 800 feet deep. Water levels are generally 25 feet or more below the surface. In the eastern area the
Cockfield Formation, also of Eocene age but above the Sparta, yields
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as much as 700 gpm to wells 225 to 450 feet deep. Water levels are
generally about 20 feet below the surface.
In the western area fresh water does not extend much deeper
than the bottoms of the deeper wells, but in the eastern area it
extends as deep as 2,000 feet. In the Madison Parish part of the
eastern area, however, saline water may be present at intermediate
depths.
REGION 4, MODERATE TO LARGE SUPPLIES OF HARD WATER

Region 4 includes areas which are underlain by Quaternary
deposits yielding moderate to large quantities of hard water to
wells, but in which soft fresh water is not available because the
sands of Tertiary age below the alluvium (or even those in the
lowermost part of the Quaternary) contain water that is either hard
or saline.
A. Stretches of the Red River Valley in western Red River and
eastern Natchitoches Parishes, mentioned under 3-A, and a large
area in the Mississippi River valley in northeastern Louisiana taking
in southeastern Morehouse, all of West Carroll, and southwestern
East Carroll Parishes on the north; extending from easternmost
Ouachita and northeasternmost Caldwell Parishes to eastern Madison
Parish in the middle; and ending at about the south edges of
Franklin and Tensas Parishes on the south. Wells generally 200
feet or less in depth yield 250 to 4,000 gpm or more. Water levels
are within 30 feet of the land surface.
B. A large area in southern-southwestern Louisiana taking in, on
the west, southern Calcasieu Parish and all of Cameron Parish
except the southwest and southeast corners and extending eastward
to include most of Iberville Parish on the north and Iberia and
western St. Mary Parishes on the south. A prong of the area extends
northward to include most of St. Landry and Avoyelles Parishes
and parts of southeastern LaSalle, southern Catahoula, and western
Concordia Parishes. Quaternary sand and gravel yields as much
as 4,000 gpm to wells 200 to more than 700 feet deep. Water levels in
lightly pumped areas are generally 20 to 70 feet below the surface.
C. An irregular area generally along or south of the Mississippi
below Baton Rouge, extending southeastward to western St. Bernard
and Plaquemines Parishes east and south of New Orleans. A prong
extends southeastward to east-central Lafourche Parish, and another
takes in the northern part of eastern St. Mary Parish and the
adjacent detached part of St. Martin Parish and extends eastward
through northernmost Terrebonne Parish and westernmost Lafourche
Parish. Two small separate areas are found near the coast in
southwestern and southern Terrebonne Parish. The Quaternary
deposits contain fresh but hard water in the upper part which grades
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downward into saline water in the lower part. Accordingly, wells
must be kept shallow and pumped at lower rates than in 4-A and 4-B.
REGION 5, LITTLE OR NO POTABLE WATER

A. Central to west-central Caddo Parish, west of the Red River
Valley. Quaternary alluvium is absent or not very productive.
Sediments of Tertiary age are mostly unproductive or saline. The
only important aquifer is sand in the Wilcox Group, of Eocene age,
and it is thin or absent in places and even where present generally
yields less than 50 gpm to wells. Locally all the ground water is
saline.
B. A belt corresponding to the outcrop of the Jackson Group
of Eocene age and the Vicksburg Group of Oligocene age, broken
into two parts by the Red River Valley and an area of region 2.
The western part, about 8 or 10 miles wide, extends northeastward
from southwesternmost Sabine Parish across lower Natchitoches
Parish. The eastern part, about 15 miles wide, takes in northeastern
Grant and northwestern LaSalle Parishes and small areas in Winn,
Caldwell, and Catahoula Parishes. The sediments near the surface
are principally fine grained and yield little or no water. The underlying Cockfield Formation locally yields fresh water, as do
scattered thin patches of Quaternary alluvium that cap the uplands.
C. The southeastern delta area, extending eastward and southeastward from southeastern St. Mary Parish and the southwest
corner of Iberia Parish except as interrupted by the areas of 4-C
described previously. Included also are small areas in southwestern
and southeastern Cameron Parish, mentioned under 4-B. The only
.fresh ground water is present as thin lenses floating on salt water,
from which very small supplies can be obtained through shallow
wells. The Quaternary deposits are largely fine grained, but in
places they include channel deposits of sand and gravel which would
yield moderate to large quantities of saline water should it be
needed.
SALINE WATER AT INTERMEDIATE DEPTHS

The map showing the depth to which fresh water extends (Rollo,
1960, pi. 3) shows several areas in which fresh water is found at
considerable depth, and generally at shallow depth also, but in
which saline water is known to be or may be present at intermediate
depths. One large area, in which much of the shallow water as well
as that at intermediate depths is somewhat saline, extends southeastward generally along the Mississippi from the northeast corner
of St. Landry Parish to New Orleans and swings northeastward
to the Pearl River in southeastern St. Tammany Parish. Smaller
areas lie in west-central Bienville Parish, in eastern Madison Parish
(as mentioned under 3-C), in east-central Concordia Parish along
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the Mississippi, in south-central Cameron Parish, and in
central Vermilion Parish.
In these areas, if shallow fresh water is overpuniped or is
additional fresh water can be obtained by drilling to the
sands, which bring fresh water from outcrop areas miles
north.

southscanty,
deeper
to the

GROUND-WATER DEVELOPMENT AND PROBLEMS

Total use of ground water in Louisiana is more than a billion
gallons per day. The total supply available is at least several times
as great, but a number of problems have already arisen, as described
below.
SOUTHWESTERN LOUISIANA

Ground water is used to irrigate nearly half the rice acreage in
this, the principal rice-growing area of Louisiana (Harder, 1961).
The annual withdrawal for rice irrigation has ranged from 312,000
to 750,000 acre-feet in recent years, out of a total ground-water withdrawal of about 600,000 to 1,100,000 acre-feet in the State. Groundwater levels are declining in most of the area, and salt water is
probably encroaching laterally and from below in large areas, though
it has appeared in only a few places so far chief among them the
Abbeville area in the lower Vermilion River Basin. (See beyond.)
The quantity of surface water used to irrigate rice is generally
somewhat greater than that of ground water, the average ratio being
about 60 to 40. The seasonal pumping from streams exceeds their
low flow in dry weather and causes salt water to encroach upstream,
leading to crop damage.
The comprehensive water-resources study (Jones and others, 1956)
is being continued to provide the data needed for design of structures to store floodwater and otherwise to increase the dry-season
supply of water and prevent salt-water encroachment in the streams.
Water is needed not only to remedy existing deficiencies of surface
water but also to permit reducing the ground-water draft in the
most heavily pumped areas. These include some of the rice-irrigation
areas and also the city of Lake Charles and vicinity, where groundwater withdrawal for public supply and industry increased from 2
mgd in 1935 to 80 mgd (90,000 acre-feet) in 1959. Redistribution
of ground-water pumping to make it more even, if feasible, would
help; so would artificial recharge, if water can be made available.
Surface water south of the Lake Charles area is polluted, and
abatement measures are needed.
ABBEVILLE AREA, VERMILION PARISH

A special problem has developed in the Abbeville area in Vermilion
Parish, along the lower Vermilion River. The low flow of the
stream, reduced by upstream withdrawals for irrigation, is not
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adequate to repel salt water from the Gulf, and the heavy pumping
from wells has lowered the water table sufficiently to cause salt
water to encroach into the aquifer (Jones and others, 1956, p.
154 166, 287-293). The river is an important source of recharge to
the aquifer in this part of southwestern Louisiana, and measures
are needed to protect the aquifer. These might include redistribution of pumping, artificial recharge of ground water, and installation of structures to augment the low flow of the river and to prevent
upstream migration of salt water.
BATON ROUGE AREA

The Baton Rouge area is one of heavy pumping from Quaternary
alluvium 250 to 600 feet thick and from older artesian aquifers
known from their general depths as the "400-foot," "600-foot," "800foot," "1,000-foot," "l,200"-foot," "1,500-foot," "1,700-foot," "2,000foot," "2,400-foot," and "2,800-foot" sands (Morgan, 1961). About 29
mgd was being pumped from the alluvium as of 1959, of which 28
mgd was pumped by the Corps of Engineers to relieve the upward
pressure of ground water on the landward side of levees: The water
is discharged into the river. Water for public and industrial use
is pumped from the artesian sands about 93 mgd of it in 1959
and about the same amount in 1960. The "shallow" sands the "400foot" and "600-foot" have been the most heavily pumped, and
their water levels were drawn rather low. In recent years the withdrawal from them has been reduced and their water levels have
recovered substantially. The water levels of the deeper sands are
declining as these sands are pumped more heavily to maintain the
supply. Salt water is encroaching toward the area in the artesian
sands but is not yet serious. More detailed information on encroachment in the different sands is needed, to guide whatever remedial
measures may be necessary. Meanwhile, very large supplies of hard
water are available from the alluvium across the Mississippi from
Baton Rouge. Of course, large quantities of water are available
from the river also, but its use has some disadvantages. It is not
satisfactory for cooling in the summer, and this is the chief use to
which it might be put without treatment. Conventional "waterworks" treatment would be needed for most ordinary uses. Also,
the water has to be transported to where it is needed, whereas
the ground water is available right at the point of use, and furthermore^ generally does not require treatment.
BATON ROUGE-NEW ORLEANS AREA

The Baton Rouge-New Orleans area is that south of the Baton
Rouge area down to and including the New Orleans area (Cardwell
and Rollo, 1960). About 81 mgd was pumped from wells in 1960,
of which more than 95 percent was used by industry. About 42 mgd
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of the total was pumped in the New Orleans area. Industrial use
is expanding rapidly in the area between the two large cities; about
19 mgd was pumped at Norco alone, in St. Charles Parish west of
New Orleans. Water levels in the "700-foot" sand at New Orleans
continue to decline. There has been some encroachment of salt
water as a result of pumping at New Orleans, and locally elsewhere.
A few localities have little or no fresh ground water for example,
Darrow and vicinity on the Mississippi in Ascension Parish, about
halfway between Baton Rouge and New Orleans.
Large additional supplies of fresh ground water are available,
especially in the northern part of the area. In areas where shallow
fresh water is absent or is scanty, the saline water can be used for
cooling and other noncritical uses, and fresh water can be pumped
from the deeper sands. The river forms a virtually inexhaustible
source of water for uses in which the water is of suitable quality
or can be treated at reasonable cost.
SOUTHEASTERN LOUISIANA

This area, corresponding to 1-C as described previously, is one
of the most promising in the State for future development. Development is relatively slight to date, mostly for public supply and
irrigation of strawberries, and enormous quantities of soft fresh
water are available from sands which extend to depths exceeding
3,500 feet in places (Rollo, 1960, p. 49). Some of the shallow water
is saline. Water is available by natural flow in large parts of the
area. Large supplies of surface water of good quality are available
also.
Problems are not serious. They include rather high acidity in the
soft ground water in the northern part of the area, and some waste
of water from flowing wells. To combat the acidity, plastic casings
can be used in small wells and suitably protected steel casings in
large wells. Pumping with compressed air, the "air-lift" pumping
used on a large scale in many parts of the country before deep-well
turbine pumps were perfected, has the effect of aerating the water
and driving out the carbon dioxide that causes the acidity. Waste
of flowing water can be reduced by education and, where necessary,
by legal action; steps to control it are being considered in St.
Tammany Parish.
More detailed studies of individual parishes are needed to guide
the large future development of ground water that seems inevitable.
NORTHERN AND CENTRAL LOUISIANA

Pumping from the Sparta Sand has caused water levels to decline
at Hodge in Jackson Parish, Monroe in Ouachita Parish, and
Bastrop in Morehouse Parish. As of 1959 water levels had been
drawn as low as 240 feet below the surface at Monroe and 190 feet

LOUISIANA

383

at Bastrop. -The pumping in these two areas may eventually cause
salt water to encroach from downdip areas to the east. Detailed
studies of the Sparta Sand are needed to evaluate its regional capability as an aquifer, and to determine the location of saline water
and potentialities of encroachment. A special study of the source
and pattern of deposition of the sediments making up the Sparta
is underway. It is a type study intended to develop economical
methods for elucidating the regional characteristics of aquifers from
stratigraphic data collected at scattered locations.
The Tertiary sediments directly beneath the Quaternary alluvium
contain saline water in parts of the Eed Eiver Valley, as described
previously under 4-A. At Clarence and in a small area northwest
of Natchitoches, both in Natchitoches Parish, even the alluvium of
the Red River Valley contains salty water. Sands in the Wilcox
Group below are not very productive, necessitating wide spacing
and low rates of pumping of wells to obtain needed quantities of
water.
Ground water in sands of Miocene age in the Bunkie-Cheneyville
area, Avoyelles and Rapides Parishes, is high in fluoride content
(Maher, 1939). Also, at and south of Bunkie the chloride content
is high. The shallow water in Quaternary alluvium is hard and
high in- iron content. Thus it is difficult to obtain water that is suitable .for domestic use without treatment.
Water levels in Tertiary sands in the Alexandria area have continued to decline, but wider spacing of wells and a reduction in the
local concentration of pumping has improved the situation.
Salt domes, which are concentrated largely in southern Louisiana,
are fairly numerous in northern Louisiana in the parishes immediately east of the Red River Valley and also in a few parishes west
of the Mississippi (Rollo, 1960, fig. 3). In areas east of the Red
ilrver Valley where fresh ground water is not especially abundant,
the salt domes locally complicate efforts to obtain good water. Also,
suriicial "salt licks" which have no apparent connection with salt
domes and beneath which there is fresh water are locally troublesome. Both the salt domes and the salt licks need more study to
determine the extent to which they may handicap future water
developments.
Detailed information is not yet available and is needed on the
maximum depth to which fresh water extends in sands of Miocene
age in Avoyelles and Concordia Parishes.
More information is needed on the hydrology of and quality of
water in the Quaternary alluvium beneath the flood plains of the
Red and Mississippi Rivers, both to encourage future development
and to indicate its limits so as to avoid problems such as have arisen
in the Grand Prairie region in Arkansas. The reports on the Red
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River Valley by Newcome (1960), on East and West Carroll Parishes
by Poole (1961b), and on an area in Madison Parish by Turcan and
Meyer (1962) are a start, but much more information is needed.
In general, many large additional supplies can be obtained in
favorable areas in the northern part of the State, so long as the
developments are planned on the basis of good information on the
local occurrence and permeability of aquifers, presence of salt water,
conditions of recharge, and so on. There is an encouraging tendency,
in some areas where difficulties have arisen, for ground-water users
to accept the necessity of exploring for new sources and spacing
wells more widely in heavily pumped localities.
PROSPECTS AND NEEDS

Louisiana's prospects and needs have already been outlined. The
prospects are bright because the total water supply is enormous.
The needs are great, too, because water use is heavy and increasing,
and water of the desired quality is not always available at modest
cost when and where needed. Briefly, there is a need for additional
flood-control and drainage projects to control water when and where
there is too much of it; for structures to store flood water to meet
dry-season needs, repel salt-water encroachment, and recharge locally
depleted aquifers; for navigation facilities to open up to industry
the areas where large water supplies are available; for pollution
control both within and upstream from the State; for measures to
protect wildlife and recreational values from undue depreciation
resulting from industrial and agricultural development; and for the
detailed hydrologic studies required to make all these undertakings
both economically feasible and safe.
Implicit in the large-scale development and conservation activities
of the future is the need for an adequate basis for legal control of
water-related activities. In a general way the State follows the
riparian rule, but the application of the rule differs somewhat from
that in States whose practices are derived mainly from the English
common law. In Louisiana the law grew out of French, Spanish,
and Roman civil law and largely has a statutory basis rather than
a basis of court decisions as under the common law (Borton and
Ellis, 1960, p. 8). As of 1910 the State declared that all surface
waters not then in private ownership are the property of the State,
subject only to the jurisdiction of the United States on navigable
waters. And, as* stated in the law, "There shall never be any charge
assessed against any person for the use of the waters of the state
for municipal, industrial, agricultural, or domestic purposes."
Obviously, the time will come when uses that result in consumption of the water or depreciation of its quality will result in competition which in turn will have to be settled by a system of controlling uses and fixing rights. In 1958 the State Legislature made
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a declaration of policy affirming the State's jurisdiction over the
ownership and control of surface waters and its right to "establish
measures to effectuate the proper and comprehensive utilization and
protection of such waters" (idem, p. 77). However, the exact methods
of control have not yet been determined. Ajid, so far, almost no
attention has been given to ground water, which is very much a
part of the problem and which obviously will have to be brought
into the picture if water control is to mean anything.
Nevertheless, when the time comes, the State will undoubtedly
take appropriate action to implement its basic policy in the form of
detailed legislation. Fortunately, the existing problems are not so
serious in relation to the size of the water supply and to the fact
that substantial projects have already been undertaken to develop,
control, and conserve water as to require hasty enactment of a
statute that might prove to be less than adequate for the job.
MAINE

Large supplies of surface water of good quality; moderate and locally large
supplies of ground water in stratified drift, especially in southern and eastern
parts of State; moderate supplies from limestone in northern part; generally
small supplies from bedrock and glacial till elsewhere. Precipitation from 35
inches or less in northeast to 50 inches in highest mountains; averages about
40 inches. Runoff 20 to 40 inches and averages about 21 inches for total of
33 bgd. Fresh-water use, excluding hydropower, about 450 mgd, 86 for public
supply, 350 for industry, 11 for rural supply, and 1 for irrigation. About 120
mgd of saline water used for steam power, and 100 bgd of fresh water for
hydropower. Ground-water use about 31 mgd, 11 for public supply, 12 for
industry, 8 for rural supply, and virtually none for irrigation.
Problems currently not serious; include need for more detailed hydrologic information to enable' efficient use of water; some competition for surface
water, such as between power and waste-dilution needs on same stream, and
need for acceptance of multiple-use concept and for construction of additional
storage and related measures including erosion control and forest management;
and need for revision of laws to provide more definite water rights to encourage
future development. No serious ground-water problems, except for natural
unavailability of large supplies in much of State's area; detailed information on
occurrence and quantities available needed to encourage and facilitate future
development. Ground water generally of good quality but locally hard,
corrosive, or high in iron, chloride, nitrate, or radioactive elements.
Water use excluding hydropower expected to increase to about 1 bgd by
1980, and hydropower use to increase to 125 bgd. Increased storage needed
to firm up power supply and solve problems of competition. No serious
difficulties expected in meeting anticipated needs.

Maine has a large water supply and almost no serious water problems. It is a cool, moist State of rather substantial size for its part
of the country and low population density. Its area is about 33,000
square miles and its population was less than a million in 1960. It
is a part of the New England physiographic province and of the
Glaciated Appalachian ground-water region. It is an area of sub-
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stantial relief except in the relatively low, gently rolling coastal
lowland in the southeast. It is underlain by consolidated bedrocks
of Precambrian and Paleozoic age, mantled by glacial drift. The
bedrocks are largely of the "crystalline" type igneous rocks and
metamorphosed igneous and sedimentary rocks. Some of the sedimentary rocks, especially limestone and shale, are not highly metamorphosed, but all the bedrocks are rather hard and dense and carry
water mainly in fractures, some of those in limestone and other
calcareous rocks being solutionally enlarged.
The glacial drift of the uplands is mostly till and in most places
is neither very thick nor very permeable. Nearly all the larger
valleys, especially in the southern and eastern parts of the State,
contain stratified drift, some of which is permeable sand and gravel
and some of which is silt and clay. The northern part of the State
has fewer deposits of stratified drift, and the drift in the coastal
lowland is overlain by or interbedded with marine silt and clay.
The precipitation is rather generous, especially in consideration of
the cool climate and the correspondingly low evapotranspiration. It
ranges from less than 35 inches in the extreme northeast to about
50 inches in the highest mountains in the west and averages 40.2
inches (State Officials, 1960, p. 94). The annual runoff, according to
the report cited, averages about 21 inches for a total supply of about
37 million acre-feet per year, or about 33 bgd.
Water use, except for hydropower generation, is modest, and below
the national average per capita. Use of fresh water in 1960 was
about 450 mgd, and that of saline water (mostly by fuel-electric
powerplants) was about 120 mgd. Use of ground water, all fresh,
was about 31 mgd. About 100 bgd of fresh water went through hydropower plants a quantity equivalent to three times the average runoff and one that obviously reflects multiple reuse at successively
lower elevations on the developed streams.
GROUND-WATER STUDIES

The favorable state of Maine's water affairs, resulting from the
generous supply and relatively small demands, it reflected in the
extent to which it has been considered necessary to gather detailed
hydrologic information. There is a reasonably good network of gaging stations on the larger streams, as there must be to enable
reliable prediction of flows available for hydropower production
and other existing uses of the streams. Ground-water information
is another matter. There are no detailed up-to-date reports covering sizable areas. The principal published report, that of Clapp on
southern Maine (south of the 45th parallel, or about the latitude of
Eastport, except for a northward extension in the east to Calais),
dates back to 1909. That report incorporates all or most of the
information from brief earlier reports on the Portsmouth, N. H.-
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York, Maine, area (Smith, 1905a) and the Augusta area (Smith,
1905b), as well as the information on southern Maine in two other
reports consisting mostly of well and spring records (Bayley, 1904,
1905). Short papers by Clapp discuss the occurrence and quality of
water in slate, which occurs mostly in the northern part of the State
(1911a), and the quality of mineral-spring waters in the State
(1911b). Folios of the Geologic Atlas include brief descriptions
of water in the Penobscot Bay (Smith and others, 1907), Rockland
(Bastin, 1908), and Eastport (Bastin and Williams, 1914) quadrangles. A more recent map of the Geologic Quadrangle series
describes the surficial geology of the Poland quadrangle (Hanley,
1959). An old but valuable report by Stone (1899) describes and
contains maps showing the deposits of stratified drift in the State.
Additional information on the glacial deposits is found in a report
by Leavitt and Perkins (1935) which includes as supplements a
map of the State showing the glacial deposits, by the junior author,
and a preliminary geologic map of Maine, by Arthur Keith.
Areal reports on ground water or related subjects prepared in
recent decades include a brief reconnaissance open-file report on the
Kittery-Eliot-South Berwick area in Maine and the adjacent DoverRollinsford-Somersworth area in New Hampshire (Roberts, 1945),
a report describing the thickness and character of unconsolidated
deposits in the Passamaquoddy area as determined in a survey of
the depth to bedrock in the vicinity of the proposed tidal power
project (Smith and others, 1952), and a description of unconsolidated deposits in the vicinity of Eastport (Upson, 1954).
A report by Lohr and Love (1954a) covering the eastern United
States includes a section describing the source and chemical quality
of the principal public water supplies in Maine as of 1952. Two
recent papers by Prescott (1959, 1960), prepared as a part of the
current studies in cooperation with the Maine Public Utilities Commission, contain useful summaries of ground-water occurrence, development, and problems in Maine. A more detailed summary is found
in a still more recent report (Prescott, publication pending).
Maine of course is included in the area covered by the report of
the New England-New York Inter-Agency Committee (1957), cited
by the State officials concerned as the most comprehensive of its
type to date. Though the hydrologic information is only as detailed
as the sources from which it was derived would permit, and hence
for Maine is very generalized, the report is extremely valuable
because of its intended purpose which is very substantially realized
of setting forth all the substantial problems and needs related to
water in New England and New York and of providing a sound
basis for future study, planning, and development. To follow up
the work of the Inter-Agency Committee, a Northeastern Resources
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Committee was formed and has drafted a Northeastern Water and
Related Land Resources Compact. As of August 1961 the compact
has been ratified by Connecticut, Massachusetts, New Hampshire,
and Rhode Island and was under consideration in the other New
England States and New York.
GROUND-WATER RESOURCES AND DEVELOPMENT

Ground water in Maine occurs both in bedrock and in glacial
drift, and the. small supplies needed for domestic use can be obtained
more or less readily but not necessarily at low cost from one or the
other throughout the State. By far the most productive aquifers are
beds of permeable sand and gravel incorporated in the stratified
drift. These deposits are largest and most numerous in the southern
part of the State, especially the southwestern and west-central parts
southwest of Moosehead Lake and the east-central and southeastern
parts in and south of the southern prong of Aroostook County and
northern prong of Penobscot County. Major deposits in northeastern Maine lie along the St. John River east of where it becomes
the Canadian border, and along the lower Aroostook River. Strati fied-drift deposits are few and small in the northwestern part of the
State north of Moosehead Lake.
Maine can be divided into four large areas for description of the
ground water. These are the Moosehead Plateau, approximately the
northwestern two-fifths of the State; the Aroostook Valley, the
eastern half of Aroostook County and the adjacent area in Penobscot
County; the Central Uplands, extending northeastward from central
Oxford County to central Penobscot and southern Aroostook Counties; and the Coastal Lowlands, the southern-southeastern quarter
of the State.
MOOSEHEAD PLATEAU

The Moosehead Plateau is mountainous, heavily wooded, and
sparsely populated. It contains many lakes and streams, including
the headwaters of four major rivers, the St. John, Penobscot, Kennebec, and Androscoggin.
The bedrocks in the northern part are mostly of sedimentary
origin shale, limestone, and sandstone, which in many places grade
into their metamorphosed equivalents slate, marble, and quartzite.
Igneous rocks, chiefly granite and its fine-grained mineralogical
equivalent rhyolite and the darker fine-grained rock called "diabase,"
or "trap rock," crop out in places in this part of the area. In the
southern part, including the portions of the area in Oxford and
Franklin Counties and western Somerset County, the rocks are
chiefly igneous and metamorphic granite, diabase, coarsely foliated
"gneiss" and finely foliated "schist," and coarsely crystalline
"pegmatite."
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The area, like the rest of Maine, was glaciated during the Pleistocene Epoch, and deposits of till and stratified drift mantle the bedrock but are absent or very thin in much of the area. Deposits of
stratified drift are prominent only in the southern part and along
the St. John River and tributaries in the northern part.
The bedrocks yield at least domestic supplies in most places.
Limestone, slate, and brittle shale yield larger supplies than the
other rocks. Wells in limestone have yielded as much as 300 gpm,
but such a yield is exceptional.
The stratified drift is potentially very productive in some places
but is not tapped by large-capacity wells so far. Yields of 1,000
gpm or more are probably obtainable locally.
The low population (1 person per square mile) and lack of
industry mean low water demands. One small village obtains its
public supply from a ground-water source; three other public systems are supplied in small part with ground water. The total use
of ground water for public supply is less than 50,000 gpd. Rural
domestic supply accounts for several times as much, but still very
little in view of the size of the area. Other uses of ground water
are negligible.
The ground water from limestone is very hard; that from other
aquifers is soft to moderately hard. High iron content is bothersome
locally.
AROOSTOOK VALLEY

The Aroostook Valley is heavily wooded in the western part but
partly cleared in the eastern and includes the well-known Aroostook
County potato-growing area. The land surface is rolling, and lakes
and streams are numerous. The area is more densely populated
than the Moosehead Plateau 30 to 40 persons per square mile.
The bedrocks are largely shale, limestone, and sandstone which
have been folded, metamorphosed, and fractured as in the Moosehead
Plateau. Rhyolite, diabase, and schist underlie some areas.
The glacial drift is thin and in places missing. Deposits of stratified drift are not prominent except in the southernmost part of the
area and along the Aroostook and St. John Rivers in the middle
and northern parts.
Limestone and marble and calcareous shale and slate in which
fractures may be solutionally enlarged occupy a larger proportion
of the total area than elsewhere in the State, and hence the groundwater potential of the bedrock is greater than elsewhere. Many
wells are capable of producing 300 to 400 gpm from limestone or
marble, but yields of 50 gpm or less are more typical. Yields of
wells in igneous and metamorphic rocks are generally 10 gpm or less.
Supplies of as much as several hundred gallons per minute are
obtained from a few public-supply wells penetrating stratified drift,
67*316 O 63
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but such supplies are not common because of the general lack of
extensive deposits of the stratified drift.
Four public-supply systems use ground water. The total pumpage
of ground water for public supply is about 1 mgd. One military
base used about 1 mgd of ground water until recently, when it converted to surface water. Several industries use ground water and
pump a total of 2 to 3 mgd. One irrigation well in limestone is
reportedly capable of yielding 400 gpm, but only a small quantity
of water is used.
The ground water in the area is more highly mineralized than
that elsewhere in the State. Water from calcareous rocks is very
hard. That from wells in the potato-growing areas has unusually
high concentrations of chloride and nitrate, presumably derived
from fertilizer.
CENTRAL UPLANDS

The Central Uplands are a belt of gently rolling to moderately
hilly country crossed by the Penobscot, Kennebec, Androscoggin,
and Saco Rivers and bounded by the St. Croix River at the Canadian
border on the east. There are many lakes, especially in the east.
Much of the area is forested, also especially in the east, but it contains many sizable towns and considerable industry.
The principal rocks in the eastern part of the area are glate,
shale, argillite, and quartzite. Gneiss, schist, and pegmatite predominate in the west. Deposits of stratified drift are more prominent than in any jof the three other areas in the State. Strata of
marine silt and clay cover, or are interbedded with, the stratified
drift in the lower parts of the larger valleys.
The stratified drift includes the most important aquifers and has
considerable promise for future development. Yields of several
hundred gallons per minute are obtained for municipal and industrial
use at several localities, and yields of 1,000 gpm or more are probably obtainable in many places. The bedrocks yield domestic supplies
and locally larger supplies 25 to 50 gpm or more for small towns
and industries.
About 2.5 mgd of ground water is used for public supply and
an unknown but probably similar amount for industry. The water
is generally of good quality except that locally it is hard or high in
iron content. A well penetrating gravel at Mexico in Oxford County
yielded water having excessive radioactivity, presumably derived
from particles of bedrock incorporated in the gravel. The bedrock
is pegmatite, a rock represent ating a late phase of igneous activity
and characterized by minerals that are not common in the rocks
that solidify earlier.

MAINE

391

COASTAL LOWLANDS

The Coastal Lowlands are flat to gently rolling and slope toward
the sea. Low mountains rise above them in places. The Penobscot,
Kennebec, Androscoggin, and Saco Eivers flow across the area, and
the St. Croix River forms the Canadian border on the east and the
Salmon Falls and Piscataqua Rivers the New Hampshire border on
the southwest. Lakes are common, especially in Washington County
on the east. The area is the most heavily populated in the State,
containing about half the population. About 310,000 people, nearly
a third of the State's total, lived in a dozen large urban areas in 1960.
The bedrocks are similar to those in the Central Uplands except
that the proportion of slate and shale is less and that of granite,
gneiss, schist, and pegmatite is greater. Deposits of stratified drift
are widespread. In the larger valleys and along the coast they may
be present either above or below marine deposits of silt and clay.
The bedrocks yield domestic supplies, and locally 25 to 50 gpm
to wells of small towns or industries. Stratified drift yields larger
supplies to municipal and industrial wells throughout the area.
About 7.8 mgd of ground water was used for public supply in 1960,
and a similar amount for industry.
The ground water is generally soft and of good overall quality.
Iron is a problem locally, and salty water is occasionally encountered
in wells drilled near the sea, or is drawn in later by excessive
pumping. In at least one area the content of radioactive elements
is far above the very low "background" quantities generally expected
in natural water. The water comes from pegmatite.
USE OF GROUND WATER

The total pumpage of ground water in Maine in 1960 was about
31 mgd, about 11 for public supply, 12 for industry, and 8 for
rural domestic supply. A negligible amount was used for irrigation.
The use for public supply increased by more than 75 percent during
1950-60; industrial and rural use also increased, but not so rapidly.
Irrigation use of ground water, and of surface water also, likely
will increase as it is realized that larger and better assured crop
yields in dry years can be obtained by supplementing the growingseason rainfall with several inches to a foot of water (State Officials,
1960, p. 97).
PROBLEMS, PROSPECTS, AND NEEDS

There are no extremely serious water problems at present. Groundwater levels are not trending persistently downward anywhere, nor
has ground-water pumping interfered substantially with the flow
of any stream to date. Pumping in coastal areas is not yet so heavy
as to have induced substantial encroachment of salt water. Problems
of natural ground-water quality are not so serious, on the average,
as in most of the United States, because most of the bedrocks and
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the glacial deposits derived from them are of low solubility. The
water from bedrock in areas of calcareous rocks is hard, and the
content of iron, chloride, nitrate, or radioactive elements is locally
excessive.
There is some pollution of streams, and in a few places of adjacent
ground water, by industrial and sanitary wastes, but the problem
is not yet serious.
Perhaps the principal water problem to date is competition among
different uses of streams. The streams of Maine are developed on
a very substantial scale for hydropower production, anel the storage
of water to meet peak demands may reduce the flow at times to
amounts inadequate to meet downstream needs for water supply
and waste dilution. Also, rapid drawdown of a reservoir may have
adverse effects, such as on the spawning beds of fish. The State
visualizes one of its principal needs as that for more widespread
acceptance of the concept of multiple-use development of streams to
meet all needs (State Officials, 1960, p. 95). Such development will
call for construction of substantial additional surface storage.
Implicit in the need for multiple-purpose development is that for
revision of the State's laws relating to water, in order that the
proper foundation may be laid for the authorization and financing
of water-control projects and for acquisition of rights to consumptive use of water, not now authorized beyond the "reasonable amount"
permitted under the riparian doctrine (idem, p. 95; Sanborn, 1961,
p. 32-33, 38).
The remaining principal need as described by the State in its
report to the Senate Select Committee on National Water Resources
is that for more detailed information on the water resources themselves, especially on ground water: "Without such data is certainly
difficult, and in fact almost impossible to assure the most efficient
and equitable use or uses of the resource."
In spite of the lack of hydrologic information and of other problems that will cause difficulty, the thrift and enterprise that have
characterized the people of Maine since the earliest days give
promise of an. orderly and effective attack on the State's waterrelated problems.
MARYLAND

Substantial water resources and relatively modest demands; no serious
problems. Precipitation ranges from 48 inches or more in extreme west to as
little as 38 to 40 inches in scattered areas; averages perhaps 43 inches in State.
Runoff as high as 30 inches in extreme west and a little less than 15 in much
of area; averages about 16 inches for total of 8 bgd; additional water received
in Potomac and Susquehanna Rivers. Water use in 1960, excluding hydropower, about 1,000 mgd, 930 mgd surface water and 110 mgd ground water,
plus 70 mgd of treated sewage and 1,300 mgd of saline water. Hydropower
use about 19 bgd. State covered by modern descriptive reports on ground
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water, including comprehensive quantitative report on heavily pumped Baltimore area. Appropriation of water controlled by State under 1933 law;
exemption of demostic, municipal, and agricultural uses makes law apply largely
to water for self-supplied industrial and commercial uses. State Department
of Geology, Mines and Water Resources considers that repeal of agricultural
exemption would permit adequate control to insure safe growth of supplemental irrigation and to assure future water supplies for all uses. Existing
and potential water problems largely economic; except for irrigation supply
seem well within ability of water users to solve. Supplemental irrigation water
available from wells in Coastal Plain; control of development there needed only
to prevent undue interference between wells or salt-water encroachment. In
northwestern part of State irrigation water generally obtainable only from
streams; can be made available widely only by provision of storage reservoirs
and by enactment of legislation to permit acquisition of rights to consumptive
use.

Maryland is a highly developed agricultural and industrial State
of substantial water resources. Its population in 1960 was 3,100,689,
up 32 percent over 1950, and water use also is growing rapidly.
The State's area of 10,577 square miles is only a sixth of that of
the average conterminous State, but its rate of runoff is nearly twice
the national average. Its total water supply, not even including
water received from outside the State in the Potomac and Susquehanna Rivers, is considerably in excess of its anticipated needs for
the indefinite future.
The State is divided roughly into northwestern and southeastern
halves by the Fall Line, which passes through Havre de Grace,
Baltimore, and Washington, D.C. The Coastal Plain covers 54
percent of the land area (State Officials, 1960, p. 104); the Piedmont,
Blue Ridge, Valley and Ridge, and Appalachian Plateaus provinces
in that order from east to west make up the remaining 46 percent.
The Coastal Plain and Piedmont are flat to gently rolling; the
Blue Ridge, Valley and Ridge, and Appalachian Plateaus provinces
have the more rugged topography suggested by their names.
The rocks exposed northwest of the Fall Line are of Precambrian,
Paleozoic, and Mesozoic (Triassic) age. The older ones include
ancient crystalline rocks upon which were laid down thick sections
of sandstone, shale, and limestone in the huge depositional trough
known as the Appalachian geosyncline. These sedimentary rocks
at various times, and especially when the Appalachian Mountains
were formed at the end of the Paleozoic Era, were subjected to
intense pressures and igneous intrusion which metamorphosed many
of them beyond recognition. The pressures died away to the northwest, and the strata in the Appalachian Plateaus, in Garrett and
western Allegany Counties, are only gently tilted and folded and
are relatively unmetamorphosed.
In Triassic time a trough bounded by faults was formed in a part
of what is now the Piedmont and was filled with sandstone and
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shale. These sedimentary strata were intruded by dikes and sills
of diabase, or "trap rock." The Appalachian Mountains have had
a long history, since their initial formation, of erosion interrupted
by renewed uplift. They and the adjacent areas represent simply
the current geomorphic situation, in which the Blue Ridge, built
of strong, resistant rocks, stands above the eroded and dissolved
limestones of the Valley and Ridge province on the west and the
weathered and eroded crystalline rocks of the Piedmont on the
east. To the west the relatively resistant and undisturbed strata of
the Appalachian Plateaus stand similarly above the Valley and
Ridge province.
In Cretaceous time the eastern part of what was then a larger
Piedmont was invaded by the sea, and now the old rocks seaward
from the Fall Line are covered by a wedge of southeastward-dipping
strata of gravel, sand, silt, clay5i and marl which thickens from 0
at the Fall Line to nearly 8,000 feet near Ocean City (Vokes, 1957,
p. 46-47). The Coastal Plain sediments have been extensively eroded
and backfilled as the result of successive declines and rises of sea
level. The latest major rise has drowned the large valleys, forming
Chesapeake Bay, along what was once the lower valley of the
Susquehanna, and the estuaries along the Potomac and other tributaries of the ancient Susquehanna.
The average annual precipitation in most of Maryland is not far
from 40 inches, and the average is perhaps 43 inches, though an
accurate figure has not been computed. The amounts received locally
range from as little as 38 to 40 inches in a few small areas to 48
inches or more at the extreme west end and in a small area in the
northeast. The average annual runoff is a little less than 15 inches
in a large part of the State's area but is brought up to an average
of about 16 inches by high runoff as much as 30 inches in the
mountainous western part. Fully half the 16 inches represents
ground-water runoff (State Officials, 1960, p. 107), a rather surprisingly high value reflecting good absorption of water by the
soil and subsoil rocks in the Piedmont and Coastal Plain and even
in parts of the more rugged areas to the west. The total runoff
averages about 8.0 bgd.
The Potomac River traverses the boundary between Maryland
and West Virginia and Virginia. The average flow in the North
Branch Potomac River is a few cubic feet per second at the southwest tip of Maryland; the flow in the main branch is about 3,000
cfs at Paw Paw, W. Va.; is swelled by the 2,500 cfs of the Shenandoah River (as measured at Millville, W. Va.); is about 9,400 cfs
at Point of Rocks, Md.; and is 11,260 cfs at Washington, D.C. (U.S.
Geol. Survey, 1960b, p. 38-39). The flow undoubtedly continues
to increase below Washington, but it is not gaged because of diffi-
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culties introduced by tidal effects and of the lack of need so far for
information on the flow in the tidal stretch in addition to that furnished by the gage at Washington.
The additions to the flow of the Potomac come largely from Maryland and Virginia, so they do not represent a large source of additional water from upstream sources. The Susquehanna is different.
Most of its flow originates outside Maryland, and it brings into
Maryland three times as much water as originates within the State
itself (36,460 cfs, or nearly 24 bgd, at Marietta, Pa., the lowest
gaging station). The water is readily and cheaply available to users
situated along the short stretch of' the river in Maryland. So far as
users away from the Susquehanna are concerned, the availability of
water is a matter of economics. A user requiring small quantities of
low-cost water might not be able to use the river even if his installation
were less than a mile away. Where the demand is great, however,
it may be possible to transport the water tens of miles; the city of
Baltimore is planning to do just that, for an addition to the public
supply planned for completion in 1963.
GROUND-WATER STUDIES

Maryland is in good shape for information on supplies of surface
and ground water, though not so well off in information on quality
of water. Eighty-two gaging stations, financed partly by Federal
funds and partly in cooperation between the U.S. Geological Survey
and the Maryland Department of Geology, Mines and Water
Resources, other State agencies, counties, and municipalities furnish
good information on streamflow (Darling, 1962). They include stations on streams of all sizes in all physiographic and geologic settings
and so provide a basis for rough estimation of the flow of an ungaged
stream by comparison with that in a gaged stream in a basin of
similar size, physiography, geology, and precipitation.
Studies of ground water as a part of the program in cooperation
with the Department of Geology, Mines and Water Resources were
begun in the Baltimore industrial area in 1942 in view of the critical
importance to the war effort of the area's heavily pumped aquifers,
which were threatened by contamination by salt water and industrial
wastes. The program was expanded in 1945, and reports covering
1, 2, or 3 counties each have been completed for the entire State.
The reports are as follows:
Counties
Authors and dates
Allegany and Washington ____________ Slaughter, 1962b, in press.

Anne Arundel_______________________
Baltimore and Harford__ _____________
Baltimore (City) area..______________
Calvert______________________
Caroline, Dorchester, and Talbot______
Carroll and Frederick________________

Brookhart, 1949.
Dingman and Ferguson, 1956.
Bennett and Meyer, 1952.
Overbeck, 1951.
Rasmussen and Slaughter, 1957.
Bennett, 1946; Meyer, 1958a.
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Cecil, Kent, and Queen Annes_____-_
Charles______________-______
Garrett_________________________
Howard and Montgomery ___ __ __
Prince Georges_----___-___________
St. Marys-__------_--------__-----Somerset, Wicomico, and Worcester__

Authors and dates

Overbeck and Slaughter, 1958.
Overbeck, 1948.
Overbeck, 1954.
Dingman and others, 1954.
Meyer, 1952.
Ferguson, 1953.
Rasmussen and Slaughter, 1955.

Pending publication of the report on Allegany and Washington
Counties, general information on water in those counties can be
obtained from an old report on the water resources of Maryland,
Delaware, and the District of Columbia (Clark and others, 1918).
Information on Washington County is contained also in a report by
Cloos (1951).
A report somewhat more up to date than those listed previously
covers the five southern counties of the Western Shore Anne Arundel, Calvert, Charles, Prince Georges, and St. Marys (Otton, 1955a).
Anne Arundel County has been restudied to bring the information
even more up to date (Mack, 1962) and Charles and Prince Georges
Counties are being restudied. Upper Montgomery County also has
been restudied (Johnston and Otton, 1962).
The State has published reports on the geology of most of the
counties which, though older than the ground-water reports, are
more detailed in the description of geology; it has published also
detailed geologic maps of all the counties except five on the Eastern
Shore. A recent State report (Yokes, 1957) reviews the geography
and geology of the whole State.
A report by Rasmussen and Andreasen (1959) on the Beaverdam
Creek basin presents a detailed hydrologic budget for a typical area
in the Eastern Shore and provides a basis for estimates of groundwater recharge in similar areas in the Coastal Plain both inside and
outside Maryland.
A report published by the State 'Planning Commission (Geyer,
1945) describes ground-water conditions at Baltimore and provides
a valuable supplement to the report by Bennett and Meyer (1952),
going into questions of economics and well construction and repair
that were beyond the scope of the latter report.
A brief memorandum by Meyer (1957) describes the status of
supplemental irrigation from both ground- and surface-water sources
in Maryland in 1957. A paper by Otton and Richardson (1958) summarizes the availability of water from limestone aquifers in the
State.
Brief reports on specific areas that have been prepared since the
fieldwork for the particular county report was completed include
those on the hydrologic properties of the Marburg Schist near Mount
Airy, Frederick County (Meyer, 1955); the availability of ground
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water at Simpsonville, Howard County (Otton, 1955b); the effect
of a proposed increase in withdrawal in the Sparrows Point locality
in the Baltimore area (Otton, 1956); the Magothy Formation of
Cretaceous age as an aquifer at Cambridge, Dorchester County
(Otton, 1958); and the availability of ground water for beach
resorts in the Ocean City, Md.-Rehoboth Beach, Del., area
(Slaughter, 1962a).
An excellent summary of the water situation in Maryland is given
in a paper by J. T. Singewald, Jr., Director of the State Department of Geology, Mines and Water Resources, which was presented
at the 1958 meeting of the Interstate Commission on the Potomac
River Basin and which was incorporated in the State's report to the
Senate Select Committee (State Officials, 1960, p. 103-112). Other
summaries, the earlier one of which incorporated a draft of the bill
later enacted as the water-resources law of 1933, were presented in
reports of the Maryland Water Resources Commission (1933) and
the Special Commission to Study the Water Resources Problem in
Maryland (1956).
GROUND-WATER RESOURCES, DEVELOPMENT, AND PROBLEMS

Maryland's ground-water resources are largely in the Coastal Plain
half of the State, so far as supplies adequate for more than domestic
and stock use are concerned. In the western part of the State ground
water is widely and rather reliably available in modest quantities,
and locally in larger quantities, to wells of moderate depth, and hence
it helps to stabilize the rural economy by the very fact that not much
trouble or expense is involved in getting water for domestic and
stock use in most places. The Piedmont is especially reliable in this
respect. The substantial ground-water runoff, in the western as well
as the eastern part of the State, is an indication of ample recharge
to replenish the water taken from tens of thousands of rural wells.
The total pumpage of ground water in 1960 was about 110 mgd,
about one-quarter of it in the northwestern part of the State an<i
about one-half and one-quarter in the Western and Eastern Shores
of the Coastal Plain, respectively. Water-level records extending
back 10 to 15 years and locally somewhat longer indicate no persistent declines in water-table areas. In artesian areas (Coastal Plain)
there are some declines in local areas of concentrated pumping, especially at Cambridge on the Eastern Shore and in southwestern
Prince Georges County south of Washington, D.C., on the Western
Shore.
The State can be divided into four areas for description of the
ground-water conditions the Appalachian area, Piedmont, and
Western and Eastern Shores in the Coastal Plain.
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APPALACHIAN AREA

Ground water in the Appalachian area is obtained from consolidated sedimentary strata and metamorphic rocks and locally from
alluvium. The water occurs mainly in fractures but to some extent,
in sandstone, in pores also. Well yields are generally small averaging less than 10 gpm except in valleys in the Valley and Eidge
province underlain by limestone, in which some wells yield as much
as 400 gpm (Otton and Eichardson, 1958.) Springs issuing from
limestone discharge as much as 3,000 gpm. Domestic supplies are
difficult to obtain locally in the higher ridges of the Blue Eidge and
Valley and Eidge provinces and, in the Appalachian Plateaus province, at the edges of plateaus near deep valleys. Wells are scattered
except in three localities Oakland, Cumberland, and Hagerstown.
The total pumpage in the area, which covers about a sixth of the
State, was only about 9 mgd in 1960.
The public w^ater supply at Oakland is obtained from wells
penetrating sandstone and shale and from a spring. The supply is
inadequate in dry weather to meet the demand, which currently is
about 165,000 gpd. It was to be supplemented in 1961 by surface
water from a new treatment plant on the Youghiogheny Eiver.
The public supply of Cumberland is obtained from surface sources,
but about 390,000 gpd of ground water was pumped in 1960 from
industrial and commercial wells. Additional ground water can be
obtained from wells spaced adequately from existing wells, but
supplies as large as 100,000 to 200,000 gpd are available in only
a few places. Wells deeper than a few hundred feet may yield
water high in chloride, and water from some wells in limestone is
polluted. Surface water likely will be used increasingly for large
supplies.
Hagerstown also obtains its public water from surface sources.
About 380,000 gpd of hard, locally polluted water was pumped in
1960 from industrial and commercial wells penetrating limestone.
Soft ground water is not available. Additional ground water can
be obtained from properly located wells. Local ground water and
nearby surface sources seem ample to meet anticipated needs for
some years to come.
PIEDMONT

The Piedmont is underlain by crystalline and sedimentary rocks
which are generally reliable sources of the small supplies, 5 to 10
gpm, needed for domestic and stock supply. A few wells yield as
much as 200 gpm. Limestone and marble, and sandstone and shale
of the Triassic belt, are the sources of many of the larger supplies.
Eather commonly, the yields of the more productive wells tend to
decrease if the pumping is heavy and continuous.
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In a few localities, even domestic supplies are hard to get; well
yields are low and water levels decline under prolonged pumping.
Information is needed on the principles of occurrence of water in
the crystalline rocks to explain these poorly productive localities
and to enable predicting the best well sites in them.
The ground water is generally of good quality except that some
of it is slightly corrosive, high in iron, or, locally in areas of
limestone or marble, excessively hard.
The total pumpage of ground water in the area, which covers
about three-tenths of the State, was about 18 mgd in 1960. This
is only a small fraction of the total that could be pumped from wells
distributed over the whole area.
COASTAL PLAIN

Maryland's Coastal Plain is underlain by southeastward-dipping
strata of gravel, sand, silt, clay, and marl of Early Cretaceous to
Quaternary age which thicken from 0 at the Fall Line to nearly
8,000 feet near Ocean City. Beneath them at places along the coast
are sedimentary rocks believed to be of Triassic age, similar to those
in the Piedmont. Below the Triassic, and below the Cretaceous
updip where the Triassic is missing, are crystalline rocks similar
to and forming an extension of those of the Piedmont.
The succession of strata is generally similar to that described for
Delaware and need not be discussed in detail. The str.ata that crop
out in the Western Shore dip beneath Chesapeake Bay and lie at
depth in the Eastern Shore. The deeper ones may carry water
beneath the Bay from west to east, but evidence is accumulating
that the shallower ones are recharged within their own half of
the Coastal Plain and discharge at the edges of that half, on the
Western Shore into the Potomac River on the west and the Chesapeake Bay on the east, and on the Eastern Shore into the Bay on
the west and the Atlantic Ocean (or into Delaware) on the east.
WESTERN SHORE

On the Western Shore the yields of wells developed and equipped
for maximum capacity range from a few hundred gallons per minute
to as much as 1,200 gpm in the most favorable areas. Along the Fall
Line the yields are small because the sediments are thin and also
are dissected and tend to drain out rapidly. In the southwestern
part of the Maryland Coastal Plain, from Washington, D.C.,
down to Indian Head, the water-bearing sands are generally thin
and fine grained and well yields tend to be small. Water levels
are declining in localities where pumping is heavy.
The northern part of the Western Shore is more productive, at
least where developed to date. Pumping is concentrated largely in
the Baltimore industrial area and in the northern half of Anne
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Arundel County, and there is substantial pumping at military
installations scattered over the whole Western Shore.
The total pumpage on the Western Shore in 1960 was about 54
mgd, about half of which was pumped at Baltimore. The total is
likely to increase substantially in the future, and the available
reports will help to promote the additional development by showing
the areas within each county where the prospects are best.
The water from the oldest sediments, the Cretaceous, commonly
is slightly acid, corrosive, and high in iron content. As much as
50 ppm of iron has been measured in wells near Washington, D.C.,
a highly excessive value when the Public Health Service's recommended limit of 0.3 ppm for iron and manganese together is considered. The average iron content is much less, but it commonly
exceeds 0.3 ppm.
Baltimore obtains its public water supply from two impounding
reservoirs on the stream known as Gunpowder Falls and one on the
Patapsco River. The average daily intake of raw water in 1960
was 211 mgd. About 24 mgd of ground water is pumped, nearly
all from industrial and commercial wells. About 70 mgd of treated
sewage is used by industry, most of it at a steel mill at Sparrows
Point.
Saline water has encroached from the Patapsco River estuary
into the shallower Cretaceous aquifers along the shore in a large
part of the Baltimore area. The ground water is contaminated
also by industrial wastes which enter the aquifers through the
corroded, leaky casings of wells. The pumping in the industrial
area, formerly heavier, has become more or less stabilized at the
present rate as a consequence of the contamination that has already
occurred and of its tendency to spread at higher rates of pumping.
The public water supply is to be supplemented about 1963 by
water brought in a conduit from the Susquehanna River. The new
supply will add about 500 mgd to the reliable yield, now estimated
at 243 mgd.
A comprehensive quantitative report on ground water in the
Baltimore area is available (Bennett and Meyer, 1952), but the
work needs to be updated by means of an inventory of pumpage
and quality-of-water data.
EASTERN SHOBE

The yields of large-capacity wells on the Eastern Shore range
from a few hundred gallons per minute to as much as 1,700 gpm.
Pumping is concentrated in the populated centers, especially Cambridge, Salisbury, and Ocean City. The total in 1960 was about 31
mgd. Large additional supplies are available in many areas, and
the pumping doubtless will increase greatly in the future. The
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available reports indicate the most favorable areas; that by
Rasmussen and Andreasen (1959) on the Beaverdam Creek basin
furnishes useful criteria for development in the large part of the
Eastern Shore where similar hydrologic conditions exist.
Some of the ground water is acid and high in iron. Salt-water
encroachment has occurred locally and is a possibility along the
Atlantic Coast and Chesapeake Bay, as well as in estuaries penetrating the Shore from those salt-water bodies.
The pumpage at Cambridge was about 2.5 mgd in 1960. The
chief aquifer is the Piney Point Formation, of Eocene age. The
aquifer in that vicinity is almost fully developed. More water
could be pumped from the aquifer some distance from the area of
heavy pumping, but additional studies are needed for more accurate
evaluation of the potential yield of the aquifer. There is some
salt-water encroachment in a shallow aquifer of Miocene age. The
meager information on artesian aquifers below the Piney Point
Formation, including the Magothy Formation (Otton, 1958),
suggests that their supplies may not be large. Additional information is needed on the potentialities of all the fresh-water aquifers.
The 1960 pumpage at Salisbury, where all water is obtained from
wells, was about 3 mgd, mostly from a shallow aquifer of Pleistocene age. The ground water is of satisfactory quality; the iron
content is generally low. Substantial additional development appears
to be both feasible and likely.
At Ocean City all water is obtained from wells. The "winter"
pumpage for the permanent population of a few thousand is about
0.2 mgd. In the summer, when the average population rises above
10,000, the pumpage increases to as much as 1.6 mgd. Individual
wells, which are less than 300 feet deep, yield as much as 200 gpm.
The water is high in iron. The water at depths below 300 feet is
brackish or salty. No salt-water encroachment has yet been observed
in fresh-water aquifers; but, as the aquifers extend beneath salt water
to both the east and the west, encroachment could be induced by
excessive pumping. The problems of the Ocean City, Md.-Rehoboth
Beach, Del., area and the various possibilities of obtaining additional
water are discussed by Slaughter (1962a).
PROSPECTS AND NEEDS

The State belives that Maryland's water resources are ample to
meet future needs and that such problems as exist or may develop
in the coming decades are problems of water supply, not water
resources (State Officials, 1960, p. 104). The State's report points
out that domestic, municipal, and industrial water users to date
have been generally successful in obtaining all the water they need
at a cost within their ability to pay. This does not mean that there
have not been individual "hardship cases," as there have been in
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all States for example, a rural or suburban householder in an
unfavorable ground-water area who has spent perhaps several
thousand dollars in drilling wells and still does not have an ample
supply but it is true in general.
Water for supplemental irrigation is widely available from wells
in the Coastal Plain. Full-scale irrigation, or supplemental irrigation of a very large acreage from one or a few wells, is not so widely
feasible but would be possible in sizable areas. Agricultural uses
are now exempted from control under the water-resources law of
1933, which was enacted at a time when irrigation was practiced
at only a few places in the humid East. The State Department of
Geology, Mines and Water Kesources (idem, p. 106) would like to
bring irrigation under the control provided in the 1933 law, in order
to protect individual farmers from the effects of excessively concentrated pumping in lowering water levels or inducing salt-water
encroachment.
In northwestern Maryland, water supplies adequate for irrigation
generally are available only from streams, and artificial storage is
commonly required because the flow of streams is lowest when the
need for water is greatest. Under the riparian doctrine followed in
Maryland, only riparian landowners have a right to use surface
water, but even these have only an uncertain right to deplete the
supply by consumptive uses. Hence, for surface water as well as
ground water, the Department of Geology, Mines and Water Kesources believes that it would be desirable to amend the law to bring
the use of water for irrigation under the control provided in the
1933 law.
As water use in Maryland increases, detailed studies will be
needed to provide information beyond the scope of the published
descriptive reports. Some such studies have already been made, as
cited previously, and many more will be required. Maryland has
the water, as the State points out, but no less than other States
it will be able to develop the water economically only by keeping:
its stock of hydrologic information up to date.
MASSACHUSETTS
Large surface-water resources and small to locally large ground-water
resources. Precipitation averages about 44 inches; runoff ranges from a
little less than 20 to a little more than 30 inches and averages about 23 inches
for a total of 9' bgd. Considerable water received from outside, principally
in Connecticut and Merrimack Rivers. Fresh-water use in 1960 about 1,200
mgd, including 190 mgd ground water and 1,000 mgd surface water; 1,700
mgd of saline water used mostly for cooling.
Small to locally moderate supplies of ground water from crystalline and
sedimentary bedrocks and glacial till throughout State; larger supplies from
stratified glacial drift in lowlands, especially in eastern part of State and
in Connecticut Valley.
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State foresees no more than local or perhaps regional shortages of water
for many years to come. Steps to meet eventual problems include program
of gathering hydrologic information; consideration of revisions in water laws
to legitimize prescriptive rights and use of water on nonriparian land and to
consider ground and surface water as a single resource; and emphasis on
interstate planning and compacts to control and conserve water in entire
New England-New York area.

Massachusetts is a typical New England State underlain by
largely crystalline bedrocks mantled by glacial till and stratified
drift. It has a large surface-water supply and much smaller but
still substantial ground-water supply.
Except for Cape Cod and associated areas in the Coastal Plain,
the State lies in the New England physiographic province and the
Glaciated Appalachian ground-water region. It has a central upland
similar to the Piedmont, having in the middle a lowland underlain
by Triassic rocks, the Connecticut Valley, similar to the Triassic
lowlands of the Piedmont. The upland is bounded on the east by
a coastal lowland. On the west are the Green Mountain and Taconic
sections, mostly mountainous but cut by one prominent north-southtrending valley, occupied by the northward-flowing Hoosic Eiver
and the southward-flowing Housatonic.
The average annual precipitation is above 40 inches except in
small areas in the northeastern and south-central parts, and it increases generally westward, to as much as 55 inches in a small area
in the northwest, southwest of North Adams (Knox and Nordenson,
1955). It averages about 44 inches in the State (Massachusetts Water
Resources Commission, 1958, fig. 3). The average annual runoff is
about 20 inches in the northeastern part of the State and in the
Connecticut Valley area and increases to as much as 30 inches in
the northwest (Knox and Nordenson, 1955); it averages about 23
inches for a total of about 9 bgd. The States receives a substantial
additional supply of water from the north, especially in the Connecticut and Merrimack Eivers, which together bring in about a
third more water than runs off within the State (U.S. Geol. Survey,
1960b, p. 40-41.).
The State is densely populated, ranking 9th in the Union in 1960,
whereas in size it ranks 44th among the conterminous States. Accordingly, its water use is substantial in 1950 about 1,000 mgd of
fresh and 1,700 mgd of saline surface water and 190 mgd of fresh
ground water.
Like the rest of New England, Massachusetts has occasional
destructive floods and troublesome droughts (Massachusetts Water
Resources Commission, 1958, p. 12-16). It has problems of uneven
distribution of available supplies and of pollution also. The State
has become convinced of the effectiveness of regional planning and
coordination in handling both flood and other water-related prob-
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lems, and has been prominent in the activities of the New EnglandNew York Inter-Agency Committee and the subsequent Northeastern Resources Committee and in promoting the enactment of
the proposed Northeastern Resources Compact (State Officials, 1960,
p. 113).
GKOTTND-WATEK STUDIES

Massachusetts has a good set of topographic maps and a reasonably
adequate network of gaging stations on the larger streams, but data
on the smaller streams is inadequate, and little of the State is covered by modern ground-water reports. There are a considerable
number of old ground-water reports, but most of them are brief
and highly generalized or cover only small areas, and they are generally out of date. Similar reports cover a large part of the United
States, but for most States they do not need to be cited because
they have been superseded by later ones.
In recent years, recognizing that even the most forward-looking
planning a field in which Massachusetts has made considerable
progress needs to rest on a more adequate hydrologic base if development and control of water are to be effective and economical,
the State has stepped up its program in cooperation with the U.S.
Geological Survey, and substantial areas are now being studied
rather comprehensively.
Old cooperative reports include short sections on Massachusetts
by Crosby and LaForge (1904) and Crosby (1905) in reports covering large parts of the eastern United States, reports by Pynchon
(1905) and Fuller (1905a) on water in the Triassic rocks of the
Connecticut Valley, a description of the Taconic quadrangle in
western Massachusetts and adjacent Vermont and New York (Taylor,
1905), and a few brief open-file reports on specific localities such as
that by Bryan (1926a) on a water supply at Bedford.
For more than three-quarters of a century the journal of the New
England Water Works Association has been a principal outlet for
papers relating to water in New England, many of which have been
contributed by members of the Geological Survey and its cooperating
State agencies, as well as by engineers, consultants, and teachers
interested in water. Among those relating to Massachusetts are a
paper on the Lowell water supply, which is obtained largely from
driven wells (Thomas, 1913), the water supply at a State institution
at Norfolk (Snow, 1936), public ground-water supplies in Massachusetts (Kingsbury, 1936), geologic features of New England's
ground water (Bryan, 1936), ground water in buried preglacial
valleys in Massachusetts (Crosby, 1939), ground-water studies in
northeastern Massachusetts (Brashears, 1942a, 1944) and in New
England in general (Brashears and others, 1949), and geologic
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factors relating to wells in bedrock in southern New England
(Cushman and others, 1953).
Products of the ground-water study begun in 1938 in cooperation
with the Massachusetts Department of Public Works include, in
addition to those by Brashears, Brashears and others, and Cushman
and others cited above, a brief statement on salt-water encroachment
(Brashears, 1941b), a description of ground water in Cape Cod
(Halberg, 1948), a brief open-file report on ground water at Hingham
(Brashears, 1949), a paper on water-table ponds with specific reference to Fresh Pond in Cambridge (Halberg and Koberts, 1949),
a description of ground water in the Greater Boston area (Halberg
and Pree, 1950), a brief description of the Merrimack Kiver basin
in New Hampshire and Massachusetts (Alien and others, 1952), a
paper on use of water for irrigation in the Northeastern States
(Hardison and Hackett, 1955), a reconnaissance map of surficial
deposits in southeastern Massachusetts (Hecht, 1956), a discussion
of ground-water problems in New York and New England (Upson,
1959), and a contribution to a report published by the State of Rhode
Island on ground water in the Bristol quadrangle in Rhode Island
and Massachusetts (Bierschenk, 1954).
Products of the recently expanded program in cooperation with
the State Department of Public Works and the State Water Resources Commission include contributions to ground-water maps of
the East Providence and Fall River quadrangles in Massachusetts
and Rhode Island (Alien and German, 1959; Alien and Ryan, 1960);
a reconnaissance open-file report on Horseback Beach and Gooseberry Neck in southeastern Massachusetts (Hecht and Hackett,
1959); a report on the Mattapoisett River basin, also in southeastern
Massachusetts (Shaw and Petersen, 1960); a map of the surficial
geology of the Ware, Quaboag, Quinebaug, and French River basins
in central Massachusetts (Petersen, 1962) ; and a map showing
bedrock and surficial geology, bedrock and water-table contours,
thickness of saturated unconsolidated deposits, and ground-water
availability in the Brockton-Pembroke area southeast of Boston
(Petersen and Shaw, 1961). A report for the Corps of Engineers
describes ground water at the Maynard Ordnance Test Station west
of Boston, where installation of an experimental nuclear reactor
was considered (Perlmutter, 1962).
Current areal studies of ground water include those on the Wilmington-Reading area, the lower Ipswich River basin, the Lowell
area, and the Parker and Rowley River basins. An interpretive
report on the Wilmington-Reading area has been completed (Baker
and others, publication pending); and basic-data reports have been
released for that area (Baker and Sammel, 1961) and the Lowell
area and completed for the other two areas.
6(71316 O 63
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Geologic studies that form a part of the overall program in cooperation between the Geological Survey and the State produce reports
or maps that are useful in ground-water work. Among those pubJished to date are an old report on the general geology of Massachusetts and Rhode Island (Emerson, 1917) and more recent reports
or maps on the geology of the Blue Hills quadrangle (Chute, 1940) ;
the geology of the northeastern coastal area of Massachusetts (Chute
and Nichols, 1941); the Pleistocene geology of western Cape Cod
(Mather and others, 1942); the bedrock geology of the Cheshire
quadrangle (Herz, 1958) and the surficial geology of the Shelburne
Falls, Wilmington, and Ipswich quadrangles (Segerstrom, 1959;
Castle, 1959; Sammel, in press); and the glacial geology of the
Mystic Lakes-Fresh Pond area in Cambridge (Chute, 1959).
The cooperative geologic studies have included use of the seismic
method of geophysical exploration to determine the depth to bedrock
as a phase of planning highway and foundation construction. The
results of course are useful in the ground-water studies. Eeports
published to date include those on the Lowell quadrangle (Lee and
others, 1940) and Governors Island in Boston Harbor (Lee, 1942)
and a general discussion of the method by Currier (1960).
Eeports by State agencies to the General Court (Legislature)
which both summarize existing hydrologic information and lay basic
plans for future development and control of water include, in addition to that of the Massachusetts Water Resources Commission (1958)
on emergency water supplies, cited previously, reports of the Massachusetts Department of Public Health on the study, development,
and protection of ground water (1951) and on pollution (1957),
and a report on water rights including ideas on possible needed
revisions in the law (Massachusetts Legislative Research Council,
1957).
GROUND-WATER RESOURCES

The principal aquifers of Massachusetts are in stratified glacial
drift, a term used to bring out the contrast between the stratified
drift and the unstratified, unsorted glacial till. The stratified drift
is found mainly in the lowlands, whereas the till mantles the bedrock
in the uplands and generally underlies the stratified drift in the
lowlands. The basic geologic features that control the occurrence of
water in the stratified drift are the stratigraphy of the drift itself
and the configuration of the bedrock, which controls the thickness
of the drift.
Most of the aquifers in the stratified drift are thin, and in most
of them the water is unconfined (that is, water-table conditions
exist). Many of them are hydraulically connected with streams and
so form "watercourses." The storage capacity of most of them is
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small in comparison to the potential for recharge even where the
recharge is derived entirely from precipitation and not in part from
streamflow. The fact that the deposits are unconfined indicates that
in general they are permeable from the surface down, and rainwater
and snowmelt are able to penetrate them readily. Thus it is reasonable to expect average rates of recharge from precipitation alone
as high as a million gallons per day per square mile, as in the sandy
deposits of Long Island (p. TO) and the Beaverdam Creek basin in
Maryland (Easmussen and Andreasen, 1959, p. 97). However, such
deposits that are recharged entirely from precipitation and are small
in areal extent and thickness (and thus in storage capacity) may
prove inadequate as water sources in extended droughts, in spite of
the high average rate of recharge.
The rate of recharge from a stream along a "watercourse" depends
on the thickness and permeability of the stratified drift, the area
of stream bottom from which water can infiltrate and the permeability of the stream-bottom deposits, and the extent to which the
adjacent ground-water level is drawn down, but under favorable
circumstances it can amount to a good many millions of gallons per
day per mile of stream, as along the Ohio River at Louisville, Ky.
(Rorabaugh, 1956, p. 159).
At the present level of ground-water development in Massachusetts, there are no areas of serious, persistent lowering of water levels.
There are local shortages due to seasonal lowering of the water
levels in thin aquifers having small storage capacity, but the aquifers
generally are fully replenished each year an indication of the predominance of recharge potential over storage capacity as mentioned
above.
Massachusetts can be divided into five areas for description of the
ground water. These are the uplands, the Hoosic-Housatonic Valley,
the Connecticut Valley, the coastal lowland, and Cape Cod and associated areas.
UPLANDS

The uplands occupy most of western and central Massachusetts.
They are underlain by crystalline bedrocks thinly mantled by glacial
till. Stratified drift, commonly underlain by till, floors scattered
valleys which are generally narrow. The bedrocks generally yield
enough water for domestic use; in places they yield 30 or 40 gpm to
wells for small-scale industrial or municipal use. The most important aquifers are in" the stratified drift in valleys. Though the
valleys are narrow and the aquifers are thin, the ground-water
potential is substantial because most of the valleys are occupied by
perennial streams and thus form watercourses. In some stretches,
however, fine-grained stream-bottom sediments impede induced infiltration to wells.
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HOOSIC-HOUSATONIC VALLEY

An irregular valley occupied by the northward-flowing Hoosic
Eiver and southward-flowing Housatonic Eiver trends north-south
across western Massachusetts. The valley is underlain in part by
carbonate rocks, which in places are faulted and dissolved so as to
form aquifers capable of yielding as much as a few hundred gallons
per minute to wells. In general, however, the carbonate rocks are
not much more productive than the crystalline bedrocks of the
uplands.
The valley is floored by deposits of stratified glacial drift which
in places are fairly wide and have a substantial storage capacity.
Much of the drift is not highly permeable, however, and well yields
are not large. In places, permeable deposits are capable of yielding
several hundred gallons per minute per well.
CONNECTICUT VALLEY

The Connecticut Valley is underlain by a thick section of Triassic
sandstone, conglomerate, and subordinate shale, intruded by or interbedded with sheets of "trap rock." The sedimentary rocks generally
yield at least small supplies of water to wells and locally as much
as a few hundred gallons per minute, though such yields are not
common. The trap rock is a poor aquifer.
The valley is underlain by a thick sheet of stratified drift. The
drift along the axis of the valley is mostly silt and clay. Overlying
this material in most places is a thin blanket of sand yielding small
supplies of water to shallow wells. Beneath the fine-grained
material locally are beds of sand and gravel, and similar deposits
overlie the fine-grained material in places along the flanks of the
valley. These gravelly deposits yield small to moderate supplies of
water locally as much as several hundred gallons per minute. They
are scattered and isolated, however, and so do not have the groundwater potential that could be expected if they were more extensive
and more freely interconnected with the Connecticut Eiver or its
tributaries.
COASTAL LOWLAND

The coastal lowland is similar to but lower in elevation than the
adjacent upland. The bedrocks are principally crystalline and yield
small supplies of water to wells. In the Narragansett basin in southeastern Massachusetts and in the Boston basin the crystalline rocks
are overlain by sedimentary rocks of Carboniferous age. Those in
the Narragansett basin seem to be similar in productivity to the
crystalline rocks. Those in the Boston basin consist of slate and
conglomerate which locally furnish rather substantial supplies, yields
of 40 to 50 gpm being not uncommon.
Stratified glacial drift is much more widespread in the coastal
lowland than in the uplands. It forms aquifers of substantial pro-
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ductivity most of which are traversed by streams and so have a
considerable potential.
CAFE COD AND ASSOCIATED AREAS

Cape Cod and associated areas, including Marthas Vineyard and
Nantucket Island on the south and southern Plymouth County on
the mainland to the north, are a part of the Coastal Plain. They are
underlain by thick glacial drift, including deposits of stratified drift
which are thicker and more continuous and permeable than elsewhere in Massachusetts. In the Gay Head area on Marthas Vineyard
the drift is underlain by Coastal Plain sediments similar to those
which underlie the drift on Long Island, N.Y. The extent to which
similar Coastal Plain sediments are present beneath other areas on
Marthas Vineyard, Nantucket Island, and Cape Cod is not known,
but a well drilled late in 1961 at Harwich at the south edge of Capo
Cod passed directly from glacial drift into rocks presumably of
Carboniferous age (R. G. Petersen, U.S. Geol. Survey, written communication, 1961).
The unconsolidated sediments, especially the stratified drift, have a
considerable ground-water potential, but only small supplies have
been developed to date. The stratified drift is not uniformly permeable, and much detailed information on the distribution of the more
permeable materials would be needed before large-scale developments
could be undertaken safely.
QUALITY OF GROUND WATER

Most of the ground water in Massachusetts is of good quality, soft
and low in mineral content. Some of it is slightly acid, and an
excessive content of iron and manganese is rather common. High
color of organic origin also is a problem in places. The carbonate
rocks of the Hoosic-Housatonic Valley yield moderately hard water,
and the Triassic rocks of the Connecticut Valley generally yield
hard water fairly high in dissolved-solids content.
WATER USE

Most of the withdrawal use of water in Massachusetts is municipal
and industrial and is uniform throughout the year. Irrigation use
is very small so far only about 7 mgd of surface water and 0.2
mgd of ground water in 1960. Rural use of course is uniformly
distributed in both area and time. It also is small, amounting in
1960 to about 7.7 mgd, 1.9 surface water and 5.8 ground water.
Hydropower generation, a nonwithdrawal use, is substantial about
25 bgd in 1960.
Public water systems supply about 98.5 percent of the State's
population, according to the Department of Public Health. The
supplies of the larger cities are obtained mostly from surface sources,
those of many of the smaller communities from wells. The total
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withdrawal in 1960 was about 590 nigd, 470 surface water and 120
ground water.
Self-supplied industrial uses accounted for about 610 mgd of fresh
water, about 540 surface water and 66 ground water. About 160
mgd of the fresh surface water was used for public-utility fuelelectric power generation; to this was added about 1,600 mgd of
saline water. Another 140 mgd of saline surface water was used
for other industrial purposes, mainly cooling.
The water use is greatest in the principal centers of population.
The Boston metropolitan area leads off, followed by a group including the Worcester, Springfield-Holyoke-Chicopee, Lowell-LawrenceHaverhill, and Fall River-New Bedford areas and another, lesser
group including the Northampton, Fitchburg-Leominster, Brockton,
and Taunton areas. In most of these areas surface water is the
principal source. On the other hand, the smaller communities obtain
most of their water from wells and this trend is growing. During
1953-57, for example, ground water accounted for 109 of 116 new
sources developed for municipal supply.
In the future, as in the past, the use will be greatest in the coastal
lowland and adjacent area (not including Cape Cod and the nearby
islands, where the use is expected to continue to be modest), in the
Connecticut Valley, and in the Hoosic-Housatonic Valley.
PROBLEMS, PROSPECTS, AND NEEDS

The general water problem facing Massachusetts is to obtain the
information needed, and to undertake appropriate water-supply
developments, to meet demands resulting from population growth,
increased per capita use, and shifts in the location of both population and industry. During 1950-60 the population increased by a
tenth to a little more than 5 million, and the per capita use of water
from public systems increased from 110 to 120 gpd. Perhaps even
more important are the growth of suburban population and the
relocation of industry. For example, it is predicted that by 1970
the population of the Greater Boston area will show an increase of
607,000 over that of 1950. Boston and 11 other core cities will lose
slightly, and 40'cities and towns ringing the core will absorb threefifths of the increase; the rest will go into the suburbs. Along with
the movement of the people goes industrial relocation, such as the
impressive buildup along the semicircle traversed by State Route
128 along the fringe of the Boston area.
The problem of meeting increased water needs is a continuing one
but is most evident during droughts. For example, during the dry
summer of 1959, 63 communities had water shortages, of which about
two-thirds involved inadequacy of water at the source rather than
in treatment and distribution facilities (Massachusetts Water
Resources Commission, 1958, p. 13-16). More than half the 63
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communities use ground water and are within 40 miles of Boston;
thus the shortages reflect the effect, and especially the effect on
ground water, of the growth of population and relocation of industry in the outskirts of Boston.
The questions that must be answered are many and specific. Where
will the water be obtained for growing communities? Can it be
developed by the communities or must regional supplies be
developed? Will some surface sources be preempted for public
supply to the exclusion of recreational uses, or can public-supply
and recreational uses be reconciled? Where can suitable groundwater supplies be developed ? What will be the effect of new developments and changes in land use on the water sources themselves,
and how can deleterious effects be prevented (such things as
reduction in ground-water recharge, or pollution of ground or
surface water) ? What will be the effect of such developments
and changes on use of ground water for individual farms and
rural homes?
Obtaining the answers to these questions as they relate to ground
water is complicated by the great variation in the productivity of
different aquifers and in the conditions of replenishment (including
especially the relation to surface water), so that rather detailed
hydrologic information must be obtained if effective plans are to
be made for the use of a particular aquifer on more than a small
scale.
The inadequacies of the existing ground-water information have
already been noted. Also to be noted, however, is the emphasis
now being placed by the State, through the Department of Public
Works and the Water Resources Commission, on the gathering of
additional hydrologic data to provide a sound factual basis for the
planning activities on which such an impressive start has already
been made by the New England-New York Inter-Agency Committee
and the Northeastern Resources Committee.
New England is one of the few regions in the Nation cited by
the U.S. Senate Select Committee on National Water Resources
(1961a, p. 30) as being in a position to develop a water supply
ample to meet needs anticipated even as of the year 2000 by providing
artificial-storage facilities having a total capacity less than twice
as great as that of facilities already in existence. Thus, in comparison to States and regions less richly endowed with water,
Massachusetts and New England as a whole can regard themselves
as most fortunate indeed. Nevertheless, the problem of assuring
adequate development and control of water for the future of Massachusetts, as of other New England States, will involve enough
difficulties and complexities to command the active interest of the
general public and the agencies concerned with water resources.
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Large water resources made especially obvious by presence of thousands of
inland lakes and bordering Great Lakes, but large water use and some complex
and difficult problems, largely economic, resulting from competing uses, need for
drainage and for flood and lake-level control, and pollution. Precipitation
about 32 to 36 inches at southern border, 26 to 30 in northern Lower Peninsula,
and 28 to 32 in Upper Peninsula; averages a little less than 32 in State. Runoff
mostly 10 to 15 inches and averages about 12 inches for total of 33 bgd.
Enormous quantity of water in Great Lakes but large-scale depletion by
diversion or consumptive use not feasible; water returned to lakes must also
meet reasonable limitations on pollution.
Entire State glaciated; average thickness of drift in Lower Peninsula
greater than in any other area of equal size in conterminous States. Drift
includes many productive aquifers; good aquifers in Paleozoic bedrocks in
several large areas.
Water use in 1960 about 6,700 mgd, 6,300 mgd fresh surface water largely
from Great Lakes, 410 mgd fresh ground water, and 14 mgd saline ground
water. Ground-water use for irrigation increasing rapidly, in part because
of availability and in part because surface-water use has been discouraged by
uncertainties of rights under riparian doctrine and by need to preserve low
flows for water supply, waste dilution, and lake-level maintenance. Additional
surface storage would help but good sites scarce and becoming scarcer and
construction not always economically feasible. State active in hydrologic and
related economic and legal studies.

Water is one of Michigan's most important and obvious features
and greatest assets. The two separate parts of the State's land area
are peninsulas extending into the world's biggest fresh-water lakes,
and they are known as the ITpper and Lower, or Northern and
Southern, Peninsulas. Michigan has 11,037 inland lakes (State
Officials, 1960, p. 117) and competes with Minnesota for the distinction of having the Nation's greatest number. It generates an average
of about 12 inches of runoff for a total of 33 bgd from less than 32
inches of precipitation, and though it is exceeded in rate of runoff
by about half the conterminous States and in total runoff by a third
its supply is still impressive. Nevertheless, it has some complex
water problems, largely economic, which will not be easy to solve.
Michigan is in the Glaciated Central ground-water region and
largely in the Eastern Lake section of the Central Lowland physiographic province. The western part of the Upper Peninsula is
in the Superior Upland province, underlain by ancient crystalline
and sedimentary rocks of Precambrian age and some younger
sedimentary rocks of Paleozoic age. The eastern, or Central Lowland, part of the Upper Peninsula is underlain entirely by Paleozoic
sedimentary rocks.
The whole State was glaciated during the Pleistocene Epoch, but
the drift in the Upper Peninsula is relatively thin and locally
absent, especially in the western part, the Superior Upland. That
in the Lower Peninsula has the greatest average thickness of any
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area of comparable size in the conterminous States about 300 feet
(Leverett, Frank, in Leverett and Taylor, 1915, p. 61). The
maximum thickness also is greatest more than 1,000 feet at one
well in Wexford County (O. F. Poindexter, Michigan Geol. Survey
Div., oral communication, 1943).
That the drift is so thick is due largely to the fact that the Lower
Peninsula marked the junction of the Lake Michigan, Saginaw,
and Huron-Erie lobes of the continental glacier. It is where the
fronts of lobes come to rest from time to time during the advance
and retreat of the glacial front, and especially where two lobes
adjoin, that the thickest drift is piled up as the ice melts, in the form
of terminal and interlobate moraines. All across the Lower Peninsula
of Michigan the glacial fronts halted repeatedly as they advanced
and retreated, and the southward-flowing ice dragged great quantities of rock debris which was dumped at the edge of the melting
ice. The morainic drift forms ridges which in many places rise
300 to 400 feeet above the adjacent lowlands. Because of the
abundance of melt water at the edge of the ice and its sorting action,
sandy and gravelly outwash or ice-contact deposits were formed
between the morainal ridges in most places. Even the drift of the
ridges contains many more beds and lenses of outwash than is
characteristic of the unsorted till of the "ground moraine" formed
during rapid advance or retreat of the glacial front.
The great thickness of drift in the western part of the Lower
Peninsula is due also in part to the depth of the valley, or basin,
in bedrock over a part of which Lake Michigan now lies. The
basin, like those of Lakes Huron, Erie, and Ontario, is believed
to have started as a preglacial drainage basin, and it was deepened
and broadened by the scraping action of the glacial ice and by the
depression of the land surface under the weight of the ice. Bedrock
is below sea level along the western shore of the Lower Peninsula in
a stretch between Ludington in Mason County and Manistee in
Manistee County and a smaller area just to the north, and is 500
feet or less above sea level all along the western shore and for some
tens of miles inland. (Lakes Michigan and Huron are about 581
feet above sea level and Lake Erie, about 573 feet.) The drift is
thickest not along the Lake Michigan shore but some distance
inland where it was piled higher above sea level; it is 1,000 feet
thick or more in an area in Wexford County where the land
surface is about 1,400 feet above sea level and bedrock is about
400 feet above.
The drift is highest and sandiest in the north-central part of
the Lower Peninsula. Bedrock rises as high as 800 feet or a little
more above sea level, but the land surface is 1,200 to 1,400 feet
and locally higher, so that the thickness of drift is still great. In
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addition to the outwash, much of the morainic drift, including even
some of the till of the ground moraine, is sandy rather than clayey.
The drift of both terminal moraines and the ground moraine,
having been formed primarily by the action of ice rather than that
of running water, has an irregular surface on which drainage
becomes integrated only after a long time. Thus it is characterized
by lakes and swamps, lakes being especially prominent in the hillier
drift of the terminal and interlobate moraines and on "pitted"
outwash plains, and swamps on the ground moraine between ridges.
Around the edges of the peninsulas, but especially around Saginaw
Bay and the "Thumb" and along the southeast edge of the Lower
Peninsula, are deposits formed in the glacial Great Lakes, which at
the time of their maximum elevation were several hundred feet
higher than at present. Moraines were formed in the lakes, but
they are more subdued than those deposited on land, and the glacial
drift is mantled by lake deposits which are largely clay, silt, and
fine sand. These deposits extend 15 to 30 miles inland along the
southeast edge of the Lower Peninsula and as much as 50 miles
inland along the axis of Saginaw Bay, to a point 25 to 30 miles
due north of Lansing. The lake deposits and the underlying drift
are the least productive of Michigan's unconsolidated-rock aquifers.
The structure of the bedrock is dominated by the Superior
Upland and the Michigan basin, the latter of which has been
mentioned in the descriptions of nearby States. The center of the
basin is in the middle of the Lower Peninsula west of Saginaw Bay,
and into the basin the Paleozoic rocks including the rocks that
form the eastern part of the Upper Peninsula dip from all directions. The Paleozoic bedrocks include productive aquifers which
are tapped at several large cities in the interior part of the southern
Lower Peninsula. Elsewhere they have not yet been tapped for
large supplies, owing to the thickness and generally greater
productivity of the glacial deposits above.
GROUND-WATER STUDIES

There is moderately good coverage by ground-water studies in
some counties and localities, but to date only a small part of the
State has been covered in detail. Information is needed on the
western (Superior Upland) part of the Upper Peninsula, where
only a few local studies have been made, such as those in the Iron
Eiver district (Stuart and others, 1948), Bessemer area (Brown and
Stuart, 1951), and Marquette district (Stuart and others, 1954).
Some information on the eastern (Central Lowland) part of the
Upper Peninsula is given in an old report by Leverett (1906).
Current needs of the Central Lowland part of the Upper Peninsula
have been met in substantial part through a series of county reconnaissance studies, which to date have been published for Chippewa,
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Delta, Luce, Mackinac, and Schoolcraft Counties (Vanlier and
Deutsch, 1958a; Sinclair, 1960; Vanlier, 1959; Vanlier and Deutsch,
1958b; Sinclair, 1959). Alger and eastern Marquette Counties on the
north shore and Menominee on the south shore of the Upper Peninsula remain to be completed. The county studies in the Upper Peninsula were made possible by funds remaining from mine-drainage
investigations and were undertaken in view of the rapid economic
development expected with completion of the Mackinac Bridge and
the St. Lawrence Seaway.
Ground-water supplies in the Lower Peninsula are more abundant
and easily available than they are in the Upper Peninsula, and t&
some extent this situation is responsible for the fact that fewer
reports on the Lower Peninsula have been completed under the
cooperative program of the U.S. Geological Survey and the Michigan Geological Survey Division and Michigan Water Resources Commission. Growing population, industry, and irrigation farming;
local contamination of ground water; and increasing competition for
water are now making urgent the need for comprehensive studies of
many areas as a basis for the large-scale developments of ground
water that are in immediate prospect.
Some information, now largely outdated, is found in old reports
by Leverett and other on the southern part (1906) and middle and
northern parts (1907) of the Lower Peninsula. The monograph on
the glacial deposits of Indiana and Michigan and the history of
the Great Lakes (Leverett and Taylor, 1915) contains a great deal
of geologic information that is useful in regard to ground-water
occurrence.
Data on public water supplies, including information on source,
treatment, and storage facilities and chemical analyses of the water,
have been published by the Michigan Department of Health (1961).
No counties in the Lower Peninsula have been covered completely
in the cooperative studies. One report covers southeastern Oakland
County (Ferris and others, 1954) ; the whole county is covered in a
report prepared as a doctoral thesis, not as a part of the cooperative
program, and published by the State Geological Survey Division
(Mozola, 1953). Van Buren County is covered by a similar report
(Terwilliger, 1954).
Reports of the U.S. Geological Survey's "metropolitan area"
series, which "describe in general the overall water resources and
problems jof selected cities, have been published for the Detroit area
(Wisler and others, 1952) and Grand Rapids area (Stramel and
others. 1954). A similar report on the Flint area has been completed
by S. W. Wiitala and others and is scheduled for publication as U.S.
Geological Survey Water-Supply Paper 1499-E. Considerable information on the Detroit area is found also in Folio 205 of the
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Geologic Atlas (Sherzer, 1917), and on the adjacent area (Ann Arbor
quadrangle) in Folio 155 (Russell and Leverett, 1908).
Substantial studies have been completed in the vicinities of several
of the larger "ground-water cities" of the Lower Peninsula, including Lansing (Stuart, 1945), Pontiac, covered in the reports on
Oakland County cited above, and Kalamazoo (Deutsch and others,
1960; Deutsch, 1962b). Studies completed on smaller cities include
those on Benton Harbor (Stuart and Stallman, 1945), Ypsilanti
(McGuinness and others, 1949), Holland (Deutsch and others, 1958),
Alma (Vanlier, publication pending), and Elsie (Vanlier, 1962).
A brief manuscript report (Eddy and Ferris, 1950) discusses the
relation of ground water to streamflow at Battle Creek, and a report
summarizing the results of studies in the Battle Creek area is being
prepared.
The results of the statewide observation-well program are published in the water-supply papers of the U.S. Geological Survey.
Expanded reports containing discussions of pumpage and interpreting the water-level data in terms of pumping and weather conditions
are published annually by the State Geological Survey Division. The
report for 1959 is the fourth and latest to be published (Giroux and
Thompson, 1961), and the report for 1960 is in press (Giroux and
Thompson, 1962).
The combination of varied water problems and the particular
interests of the hydrologists assigned to Michigan has resulted in
reports and papers covering a range of subjects whose applicability
goes far beyond Michigan. Examples are the studies of (1) ground
water-surface water relations forming a part of the current Battle
Creek investigation, (2) effect on ground water of a proposed cutoff
channel in the Grand River west of Lansing (Ferris, 1950a), (3)
design of drainage structures (Ferris, 1950b), (4) relation of snow
to ground-water recharge (McGuinness, 1941), (5) induced recharge
at Ypsilanti (McGuinness and others, 1949) and Kalamazoo (Deutsch
and others, 1960; Deutsch, 1962b), (6) mine-drainage problems
(Stuart, 1954; Stuart and others, 1948, 1954), and (7) contamination
of ground water by radioactive and other wastes (Deutsch, 1956,
1962a; Deutsch, publication pending). A study of ground water for
supplemental public supply for Flint served as the vehicle for
application of the mathematical "theory of images" to the quantitative estimation of ground water in a situation where the standard
"infinite aquifer" formula could not be used because the aquifer was
limited to hydrologic boundaries whose presence had to be taken
into account (Ferris, 1948).
The Michigan Water Resources Commission is preparing a series
of planning reports on the river basins of the State, beginning with
those where problems are most pressing. Each report summarizes
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for its basin the geography; geology; drainage; soils; land use and
management; hydrology (including a section on the ground-water
resources) ; water use including use for waste dilution, hydropower,
recreation, and irrigation; storage requirements and undeveloped
reservoir sites; and flood problems. Theee reports bring tbgether
under one cover the available information on water supplies, uses,
and problems and possible solutions, and they will be most helpful
in the future development of the basins covered. As of 1960 five
basins had been covered, those of the Clinton River (1953), Paw Paw
River (1955), Flint River (1956), Huron River (1957), and Tittabawassee River (1960).
In addition, the Commission has begun the preparation of a
series of "Hydrologic Studies of Small Watersheds in Agricultural
Areas of Southern Michigan." Report No. 1 covers the Deer Creek
and Sloan Creek basins (Ash and others, 1958). Report No. 2 is a
followup report describing precipitation studies made in 1956-59
(Eichmeier and Wheaton, 1960).
GROUND-WATER RESOURCES AND DEVELOPMENT

Michigan has large resources of both surface and ground water,
the latter in both glacial drift and bedrock. The 1960 use of about
6.7 bgd, large as it is, represents only a fraction of the potential
supply available. The bulk of the water used was surface water,
about 6.3 bgd, and the bulk of that came from the Great Lakes. The
Great Lakes represent a virtually inexhaustible source so long as
the water, or nearly all of it, is returned to the lakes, and is returned
in acceptable condition. The inland areas that are beyond reach of
the lakes have a much smaller supply, but still a large one.
About 5.5 million of Michigan's 1960 population of 7.8 million
were served by public-supply systems. About 1.3 million were supplied with 170 mgd of ground water from 280 systems, and 4.2
million with 670 mgd of surface water of which about 90 percent
came from the Great Lakes. The 2.3 million people not served by
public water supplies depended almost wholly on ground water for
domestic and stock supply; they used about 130 mgd of ground water
and 6 mgd of surface water.
The public ground-water systems include those of eight cities
whose population exceeds 20,000 Lansing, Pontiac, Kalamazoo,
Jackson, Wyoming (near Grand Rapids), Battle Creek, East Lansing, and Ypsilanti. Public-supply use of ground water continues
to increase in spite of the tendency of some of the larger cities to
look to the Great.Lakes for an assured supply, because only those
inland cities that have a large water demand can afford to go tens
of miles to the lakes.
Industrial uses other than waterpower accounted for about 5,700
mgd of fresh water in 1960. Of this about 5,600 mgd was surface
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water and 99 mgd was ground water; an additional 14 mgd of saline
ground water was used. Seven-tenths of the surface water was used
for condensing steam in public-utility fuel-electric power generation,
and much of the rest was used for cooling, including that involved
in generation of "steam" power by industries for their own use.
The largest industries having the greatest water demands are on
or near the Great Lakes. Ground-water use for industrial purposes
continues to increase in inland areas, however.
Supplemental irrigation represents a relatively small but growing
use (Michigan Water Resources Commission, 1959). In 1960 about
14 mgd of surface water and 8 mgd of ground water was used;
nearly all the water was consumed, as it was applied in small
quantities not sufficient to produce much ground-water recharge. The
use of ground water increased rapidly in 1950-60 and will continue
to increase. The use of surface water, which can be diverted by
gravity or low-lift pumping, generally costs less than that of ground
water, but it has been handicapped by uncertainty as to the right
to use water consumptively under the riparian doctrine followed in
Michigan. Also, the demand is greatest when the flow of streams is
least, and at these times there are competing needs for water for
public supply, waste disposal, and lake-level stabilization.
The State can be divided into six rather indefinitely bounded
areas for description of ground water. These are the Superior Upland
and Central Lowland of the Upper Peninsula and the northern,
southwestern, Saginaw lowland-"Thumb," and southeastern parts of
the Lower Peninsula.
UPPER PENINSULA
SUPERIOR UPLAND

The western part of the Upper Peninsula is underlain by Precambrian crystalline and sedimentary rocks, which are prevailingly poor
aquifers. Paleozoic sedimentary rocks, mainly sandstone of Cambrian
age, cover the Precambrian rocks in places. The Precambrian and
Paleozoic rocks are discontinuously mantled by glacial drift, which
includes the only aquifers capable of moderate to large yields. The
runoff decreases westward from 15 to about 12 inches. The cool
climate and fairly even distribution of precipitation and moderate
storage capacity of the weathered bedrock and the glacial drift combine to make the streamflow reasonably adequate and stable. About
half the public-supply systems, including those of the larger towns
and cities, use surface water, most of which comes from the Great
Lakes. Nearly all the other half, which use ground water, are inland.
The bedrocks yield some water to iron and copper mines. Water
pumped from mines is used for the public supply of at least four
large and seven small communities, but in some mines water is a
liability rather than an asset for example, the Cayia mine near
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Crystal Falls (Stuart, 1954) and certain mines in the Iron River
district (Stuart and others, 1948) and the Marquette district (Stuart
and others, 1954).
Sandstone of Precambrian or Cambrian age along the Lake
Superior shore yields some water, which in places is saline. Some of
the saline water may rise from depth along fault zones.
The glacial drift is missing in sizable areas and varies greatly in
thickness and permeability where present. Accordingly, groundwater supplies are hard to get in many places, including the vicinities
of some towns and cities where supplies are needed. More productive
aquifers in the drift can generally be located within a few miles of
the point of need. Though both economic and legal factors have an
effect on the extent to which water can be exported from such
aquifers to points of need, the aquifers are promising sources for
many water-short communities.
The ground water in the area generally is hard, and some of it
contains iron in excess of the recommended limit of 0.3 ppm (for
iron and manganese together).
The economy of the area depends largely on the mining and
processing of iron and copper ores and has been somewhat uncertain
because of the depletion of high-grade ores. Recently developed
economical techniques for beneficiation of low-grade ore are now
revitalizing the mining industry (Sundeen, 1962).
Data on ground water are inadequate. No detailed studies covering large areas have been made. Such studies as have been completed
relate mostly to the vicinities of cities having water-supply problems,
such as the very brief study made in the Houghton-Hancock area
(Stuart, 1947) and the study of the Bessemer area (Brown and
Stuart, 1951). Moderate to large supplies appear to be available,
locally, and areal studies are needed to show where and how large
they are. In 1961 the U.S. Geological Survey began a study of the
surface- and ground-water resources of the Marquette Iron Range,
principally to obtain information on the availability of" water to
meet the large demands that will be associated with beneficiation of
low-grade iron ore.
CENTRAL LOWLAND

The Central Lowland part of the Upper Peninsula is that underlain by Paleozoic rocks dipping generally southward to southeastward into the Michigan basin. These bedrocks are mantled nearly
everywhere by glacial drift. Both the bedrocks and the drift contain
aquifers capable of large yields in some places and small or moderate
yields in others. The water is generally of good quality except that
much of it is hard and locally it contains objectionable amounts
of iron. In places it is high in calcium and sulfate derived from bedrock strata that contain gypsum. Saline water is present locally
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in aquifers of the bedrock, including the Jacobsville Sandstone of
Precambrian or Cambrian age along the Lake Superior shore, in
which the water may rise from depth along fault zones.
The area is not highly populated or developed, and much of it
lies in State or National forests. Timber and paper and limestone
and dolomite are the chief products. The tourist and recreation
industries also are important. Not much ground water is used at
present, though a few cities and villages have ground-water supplies
and the rural population also depends mostly on ground water.
There are several large areas of artesian flow (Leverett, 1906),
and in these areas the quantity of water discharged from flowing
wells greatly exceeds the quantities of ground water put to
beneficial uses.
The available information on ground water is generally adequate
as a basis for the small-scale uses of the present.
LOWER PENINSULA
NOBTHEBN PART

The northern part of the Lower Peninsula is that generally north
of the Saginaw and Grand Kiver drainage basins. It is an undulating to hilly area of forests and lakes in which recreational interests
dominate. Industrial activity is not great, being based chiefly on
production of timber and oil and gas and quarrying for stone and
cement rock. Fruit growing is an important activity, and there is
some supplemental irrigation, but much of the soil is sandy and not
suitable for farming. The largest industrial plants are along the
Great Lakes and use lake water; the small industries in the interior
use mostly ground water.
The area is underlain by limestone, shale, and sandstone of
Paleozoic age, thickly covered by glacial drift of which at least the
upper part is prevailingly sandy. The bedrock aquifers have been
tested in only a few places, and moderate yields have been obtained.
The aquifers in the drift, also largely untested, are capable of yielding large supplies in much of the area and in general are potentially
the most productive in the State. They appear to be thicker and
potentially more productive in the western than in the eastern part
of the area.
Use of ground water, including that for supplemental irrigation,
will increase moderately in the future. As water supplies in the
more heavily populated areas to the south are developed to their
capacity the resources of this area will become more attractive.
More complete coverage by ground-water studies would help to
encourage realization of the promise the resources offer.
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SOUTH WESTEBN PART

The southwestern Michigan area lies generally west and southwest
of the Saginaw lowland and includes Lansing and Jackson along
its east edge. It is underlain by northward- to eastward-dipping
limestone, dolomite, shale, and sandstone of Paleozoic age, mantled
by thick glacial drift. Both the drift and the bedrock include some
excellent aquifers. More ground water is used for public supply
and industry in this area than in all the rest of the State. The
sizable cities that use ground water for public supply include
Lansing and East Lansing, Kalamazoo, Jackson, Wyoming, and
Battle Creek. Grand Rapids uses water piped from Lake Michigan,
and several other cities use surface water, but even some of the
towns along Lake Michigan, such as Manistee, and all towns and
villages in the interior use ground water. Of course, virtually all
the rural population uses ground water.
Paper plants are the largest industrial users of ground water;
food-processing and drug-manufacturing plants also are large users.
All the industrial water (except that for fuel-electric power generation) used in Lansing, Battle Creek, and Jackson comes from the
ground, and large quantities of ground water are used at Kalamazoo
and Battle Creek also.
Agricultural production is large, and substantial and growing
quantities of ground water are used for irrigation.
The ground water generally is hard and commonly has objectionable concentrations of iron. Locally the bedrock aquifers contain
saline water at rather shallow depths, which moves toward heavily
pumped wells. Saline water derived from the bedrock at depth is
a problem in shallow aquifers at Grand Rapids, Holland, Zeeland,
and locally elsewhere in the area.
In spite of the extensive use being made of ground water, both
bedrock and drift aquifers remain untested in much of the area,
and large potential supplies remain. If developments are properly
managed, large additional supplies can be obtained even in or near
some of the present centers of heavy pumping. One technique that
makes large-scale development practical is artificial recharge with
surface water such as is now being practiced at Kalamazoo (Deutsch
and others, 1960; Deutsch, 1962b).
Ground-water information is adequate for only a few small areas.
Much additional information is needed to encourage development
in unpumped areas and to serve as a firm basis for maximum
development in currently pumped areas.
SAGINAW LOWLAND-"THUMB" ABEA
The Saginaw lowland-"Thumb" area includes the lake plains
around Saginaw Bay and the "Thumb" and the interior of the
671316 O 63
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"Thumb" itself. The lake plains, 5 to 50 miles wide, are low and flat
and are underlain by prevailingly fine-grained sediments, including
drift of low moraines deposited in water. Sandy plains are widespread but the sand is thin and generally fine grained. The interior
of the "Thumb" is more like the uplands of the rest of the Lower
Peninsula, but most of it is less than 1,000 feet above sea level and
even in the interior there are lake deposits laid down at the highest
stages of the glacial Great Lakes, including the deposit on which
the city of Flint is situated.
The bedrocks, mantled by a few feet to a few hundred feet of
glacial drift and lake deposits, are of Mississippian and Pennsylvanian age and are dominated by shale and sandstone. They include
deposits of coal which formerly were mined on a substantial scale
but which are not being mined today. Though they include some
good aquifers, saline water is a problem. All the bedrocks at
depth contain saline water. Those beneath the Saginaw lowland
contain fresh water only in the uppermost part, or not at all;
saline water is present in the uhconsolidated deposits also in
much of the lowland. Some of the saline water in both bedrock
and unconsolidated deposits is the result of natural outward migration of salt water from the rocks in the inner part of the Lower
Peninsula; and some, especially in the Saginaw lowland, is the
result of leakage through uncased test holes for coal and brine
and through poorly constructed or maintained brine wells. Saline
water has encroached locally as a result of disturbance of the natural
balance between fresh and salt water by drainage or pumping.
Isolated areas of saline water are found along some of the larger
streams and represent places where the stream, acting as a groundwater drain, lowers the fresh-water head and induces upward flow
of saline water, just as artifiical drains or pumped wells do elsewhere. Some of these areas were well known as salt licks in
territorial days.
Excessive hardness and iron content of the ground water are a
problem, or rather an annoyance, even where salinity is not, but
hardness and iron can be reduced economically by treatment techniques that are in common use.
The larger cities and industries in the area use surface water.
Flint uses water from the Flint River and is proposing to pipe
water from Lake Huron. Saginaw, which formerly used water from
the Saginaw River, and Midland, which used the Tittabawassee
River, have joined to pipe water from Whitestone Point on the west
shore of Saginaw Bay, far enough out to escape water of poor
quality in the rivers at the head of the bay.
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All the small municipalities and some industries having moderate
demands use ground water. Use of ground water by industries is
expected to increase, especially in the interior. Some industrial and
commercial needs, including considerable air conditioning, are met
with saline ground water.
The area contains some of the State's best agricultural lands.
Ground water is used locally for irrigation, where it is of acceptable
quality. In parts of the area it is difficult to obtain good-quality
water even in the small amounts required for domestic and stock use.
The area, especially the uplands of the "Thumb," has a considerable
potential for additional development of ground water, but areas of
need and areas of known good supplies commonly do not coincide.
There may be buried aquifers in the drift or aquifers in the bedrock
about which nothing is now known but which would be more accessible to points of need than are more obvious sources, such as large
out wash plains of sand and gravel. More detailed ground-water
studies are needed to reveal the presence and encourage the development of such aquifers.
SOUTHEASTERN PART

Southeastern Michigan is the area south of the "Thumb" and generally east of the Lansing and Jackson areas. It is the most heavily
populated and industrialized area in Michigan and one of the principal such areas in the United States. Detroit of course is its "hub,"
but there are many other cities. The area includes morainic uplands
in its western part and lake plains in the eastern. Pontiac and Ann
Arbor are two of the important cities within the upland; Ypsilanti,
Plymouth, and Adrian are among those just at the edge; and Detroit,
Mount Clemens and Port Huron to the north, and Monroe to the
south are among the many on the plain.
Because of the easy availability of water from Lakes Huron, St.
Clair, and Erie and the St. Clair and Detroit Rivers which join
the lakes, very large quantities of water are used for industry and
public supply, and the bulk of the 6.3 bgd of surface water used in
the State in 1960 was pumped in this area. Ground water is used
by many interior communities, including some of the sizable inland
cities such as Pontiac in the uplands and Ypsilanti and Plymouth
just at the edge of the lake plain. Ann Arbor, formerly a "groundwater city," now uses some surface water for public supply.
Detroit uses lake water and supplies many of the cities within its
metropolitan area.
There are aquifers both in glacial drift and lake deposits and in
bedrock. As in the area to the north, all the ground water is hard
and much of it contains excessive iron, and it is saline below depths
which range from only a few feet or tens of feet near the lakes to
several hundred feet in the uplands. Fresh-water aquifers in bed-
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rock that have been tapped to date generally are only moderately
productive. Some of the deeper bedrock aquifers are capable of yielding large quantities of saline water, as shown by the famous Swan
well on Grosse He south of Detroit (Leverett and others, 1906, p.
43-48), which flowed about 4 mgd of saline water when it was completed in 1904 and which has been flowing ever since at a rate of at
least about 2 mgd-^-enough to cover 100 square miles with 2 feet or
more of water.
Some of the glacial outwash in and at the edge of the upland is
highly productive. For example, supply wells at the Willow Run
bomber plant near Ypsilanti (McGuinness and others, 1949, p. 23,
65-70) yielded as much as 3,500 gpm each with a drawdown of only
10 feet or so. A 6-inch test well yielded about 300 gpm with a
drawdown, corrected to eliminate the effect of "entrance losses" in
head as the water came in through the screen, of only about 2% feet.
Thus the specific capacity was more than 100 gpm per foot of
drawdown, a very high value for a 6-inch well. There are productive public or industrial wells at Ann Arbor, Pontiac, Birmingham, and Plymouth also, to name only a few localities. Birmingham
formerly obtained its public water from such wells, but it now buys
water from Detroit, and Pontiac is planning to join the cities using
Detroit water.
In most places, however, and especially in the lake plain, the
aquifers in unconsolidated deposits are moderately rather than
highly productive. The greatest increase in use of ground water
in recent years has been that associated with the building and
expansion of housing developments. Those near Detroit and some
of the other cities are supplied from the public mains of the cities.
Many of them, however, use wells, and some have had difficulty
in obtaining enough water because their location does not happen
to coincide with that of a good aquifer. In time, the network of
public mains carrying lake water will probably supply a large part
of the communities on and near the lake plain, as Detroit now
supplies most of the communities in its vicinity.
PROBLEMS, PROSPECTS, AND NEEDS

Michigan's water problems are complex, as might be expected'in
an area where availability of water of good quality is variable,
needs are varied and large and places of need have little relation
to availability of water, price levels are high and costs of developing and transporting water are considerable, many uses are competitive, and only recently has a legal system been set up for acquisition
of exclusive rights to use of water. If the problems could be summed
up in a few words, they might be "Water supply large, but not as
generous as it appears." In the section on Colorado it was brought
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out how that State is the source of some 16 million acre-feet of water
per year, but must deliver about half of it to downstream States.
Michigan (along with similar States) is in a somewhat similar
position. It generates a lot of runoff, but most of the water must
be allowed to flow out to maintain lake levels, streamflow, and water
quality downstream. The same principle applies to individual areas
within the State.
Up to a point the problems are largely economic. Development
of ground water in untapped areas and storage of surface water
would provide ample water for all uses, and indeed these practices
are already followed on a large scale. But many developments that
would be desirable and that would solve existing problems are
beyond the present economic reach of those who need the water, and
so far as these users are concerned now the water might as well
not be available.
Maintenance of lake levels is certainly one of the most difficult
problems when considered broadly. The inland lakes which constitute one of Michigan's principal attractions and assets, and the
Great Lakes which are important for water supply and waste
dilution, transportation, and recreation, both must be kept from
fluctuating beyond reasonable limits. Thus their usefulness as
storage reservoirs is less than it would be if they could be drawn
on heavily for consumptive uses at times of need and allowed to rise
again in wet weather when the need was less. So long as the water
withdrawn is replaced promptly, and of course is of a degree of
cleanliness and at a temperature not adverse to later uses, there
is no problem. Thus a single industrial plant, such as the Ford
Motor Co. at Dearborn, can pump several hundred million gallons
per day of water out of the Detroit River about as much as is used
for Detroit's public supply, use it largely for cooling, and put it
back without adverse effect on other uses. But if a farmer takes
a thousandth as much water out of a lake, or out of a stream that
feeds the lake, and uses it consumptively during a few dry months,
he may be adversely affecting the interests of those who use the
stream or lake for other purposes during those same months.
Both low and high levels of the Great Lakes have adverse effects.
Low levels affect "navigation. High levels cause flooding, and increased
wave damage of shore installations. Both affect recreational uses,
the one such as by exposing mud flats instead of beach sand where it
is desired to swim, the other by tearing up docks, eroding the beach,
or damaging cabins. Except that the navigation 'is chiefly that of
pleasure craft, the effects in inland lakes are similar. Typical effects
of lakeshore erosion are described in a report on Berrien County
on Lake Michigan (Humphrys and others, 1958), one of several
such reports.
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The levels of the Great Lakes are controlled to a greater or lesser
extent by means of dams in the outlets. Those of Lake Superior since
1922 and of Lake Ontario since completion of the St. Lawrence Seaway have been controlled within fixed limits. The Corps of Engineers
is completing a study of controls needed for the remaining lakes.
The degree of control is affected both by practical considerations
of navigation and shore damage and by the vastness of the quantities of water involved in even small changes of level. The whole
problem was discussed in a symposium held at Lansing, Mich., on
September 19, 1951, sponsored by the Michigan Water Resources
Commission (1951) and contributed to by authorities on the hydrology of the Lakes, existing controls, navigation, beach erosion, and
the effects of diversion.
Michigan's water problems are discussed in the State's contribution to the Senate Select Committee on National Water Resources
(State Officials, 1960, p. 115-170). The report points out that expansion of public water-supply and sewage systems needed by 1965
would cost nearly $1 billion, not including the cost of proposed Lake
Huron intakes for Flint and the Detroit area. Floods have not been
troublesome in recent years but are bound to recur. A flood-control
project of the Corps of Engineers is under construction at Battle
Creek, and a watershed project of the Soil Conservation Service at
Cheboygan. Several others have been authorized. Stabilization of
streamflow is a prime need, but good reservoir sites are scarce and
getting scarcer. Beach erosion along some stretches of the Great
Lakes shoreline is a serious problem, as are other effects of lake-level
variations. Pollution from boats is increasing with the expansion of
commercial traffic accompanying completion of the St. Lawrence Seaway and with the rapid increase in pleasure boating. The quality of
some inland waters also .is deteriorating with the growth of population, industrial activity, and^consumptive use of water for irrigation.
Pollution of ground water, not ordinarily considered to be a serious
problem, is becoming -more widespread, as is brought out by the
numerous examples cited in a report by Deutsch (publication pending; see also Deutsch, 1962a, Alma area).
Pollution of water is -no greater a problem in Michigan than it
is in other States of similar population density and industrial activity. As in Connecticut (p. 228-230), the emphasis on the subject in
this report is a tribute to the enterprise of the State in investigating
and controlling pollution.
Michigan points omt the water problems that at least in part are
a Federal responsibility flood control, problems associated with the
levels of the Great Lakes, and pollution. The State realizes, however,
that a large part of, its problems must be solved by its own people.
These problems are chiefly economic, as pointed out previously, but
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that does not make them easy to solve. Problems of water rights
are coming to the fore, as there is growing realization that solution
of problems of competition is possible only when those who must
spend money to stabilize the supply know what their rights and
obligations are. Act 143 of the Public Acts of 1959 set up a system
for issuance of permits for control or diversion of water for such
uses as beneficiation of low-grade iron ore (L. D. Johnson, Michigan
Geol. Survey Div., written communication, 1961).
The subject of legal control largely, the problem of devising
means for the acquisition of rights to consumptive use of water and
of correlation of ground-water and surface-water rights is ably
discussed by Schmid (1960, 1961a) in two papers published by Michigan State University and by Norman Billings of the State Water
Resources Commission in two papers included in the State's contribution to the Senate Select Committee (State Officials, 1960, p.
132-138, 142-143).
The important place of ground water in Michigan's future, and
especially the informational needs that must be met, are discussed
by Deutsch and Vanlier (1962).
In spite of the difficulties involved, Michigan's large water
resources and the enterprise shown in recent years by the State
and its citizens in water-resources activities provide the basis for an
effective attack on the State's water problems.
MINNESOTA
Prevailingly subhumid State transitional between humid East and arid West.
Water supply sizable in spite of low average runoff, owing to cool climate.
Precipitation 19 to about 32 inches and averages about 25 or 26. Runoff from
a little less than 1 inch to about 7 inches and averages about 3.6 for total of
about 14 bgd; State receives little water from outside. Withdrawal use of water
in 1960 about 2.4 bgd, 2.1 surface water and 0.33 ground water. No overall
shortage and no present need to choose between competing consumptive uses;
problems at present relate largely to storage and transportation of water and
protection of its quality. Legislation needed to permit storage of surplus water
and use on nonriparian land, and to zone flood plains to reduce flood damage.
Analysis of existing data and collection of additional data needed for estimating future water demands and planning to meet them.
Good ground-water supplies in central lake area and in east-central and
southeastern parts of State; supplies of surface and ground water moderate
to small in western, north-central, and northeastern parts. Development of
low-grade iron ore in northeastern part will require large supplies of water;
available supplies of surface and ground water commonly do not coincide with
points of need, and economics of transporting water important in determining
feasibility of specific ore-beneficiation projects.

Minnesota is a prevailingly subhumid State having a total water
supply that is moderately large because of the cool climate, even
though the rate of runoff is not high. Its area is 84,068 square miles.
It lies mostly in the Glaciated Central ground-water region and
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largely in the Western Lake section of the Central Lowland physiographic province. The southwest corner and most of the southeast
is in the Dissected Till Plains section of the Central Lowland, and
a small area along the Mississippi in the southeast is in the so-called
Wisconsin Driftless section. The northeastern part of the State
is in the Superior Upland province.
Precambrian bedrocks underlie the glacial drift in much of the
northern and central parts of the State and in scattered areas in
the southwestern. Generally southwestward-dipping Paleozoic
strata overlie the Precambrian rocks in the southeastern part, and
westward-dipping Cretaceous strata overlie them in a belt 1 to 4
or 5 counties wide along the west edge. The Paleozoic strata include
nearly all the highly productive aquifers in the bedrock; the glacial
drift is most productive in the central and southeastern parts of
the State and is rather unproductive in much of the western part.
The precipitation is about 19 inches at the west-central edge, 20
at the northwest corner, and 25 at the southwest. It increases
generally eastward and southeastward to about 32 inches at the
southeast, corner. It averages about 25 or 26 inches. The runoff
is about an inch along the west edge, ranging from a little less than
an inch at the northwest corner to a little more than an inch at
the southwest. It is 2.5 to 5 inches in the middle of the State
and rises to about 12 inches in the northeast corner and 7 or 8 in
the southeast. It averages about 3.6 inches, less than half the
conterminous-State average, for a total of about 14 bgd. Minnesota
receives little water from the outside, instead discharging its runoff
largely into bordering streams the Mississippi and its tributary
the St. Croix on the Wisconsin border, the Rainy River on the
Canadian border, and the Red River of the North on the North
Dakota border; the latter two eventually discharge into Hudson
Bay. In addition, Minnesota contributes to the flow of the St.
Lawrence River by way of streams that drain to Lake Superior in
the northeast. Thus the State drains to three of the four major
water bodies that receive the runoff of the United States Hudson
Bay, the. Atlantic Ocean, the Gulf of Mexico, and the Pacific Ocean.
The water supply, both surface and underground, is largest in
the central and southeastern parts of the State. The western, driest
part of the State is one of relatively deficient water supply in both
streams and aquifers. The north-central and northeastern parts
are spotty, the supply being large along streams such as the Rainy
River and its tributary (by way of .Rainy Lake) the Basswood
River and in a few glacial-drift aquifers, and small elsewhere. The
runoff in this part of the State is larger than elsewhere, and surface
water is adequate to meet the needs, except that points of need and
supply are commonly several miles apart.

MINNESOTA

429

Minnesota's economy is tied largely to iron mining, the largest
single industry, in the northeastern part of the State, to agriculture in the central and southern parts, and to forestry in the northcentral and northeastern parts. The tourist industry also is
important in the central and northern parts. The substantial population, nearly 3% million in 1960, uses a considerable amount of
water; the average in 1960 was about 2,400 mgd, the bulk of it
surface water from the Mississippi River and Lake Superior and
the bulk of that used for fuel-electric power generation and other
industrial uses. Ground-water use was about 330 mgd, about 100
for public supply, 120 for industry, 110 for rural supply, and 3.8
for irrigation. Surface-water use was slightly under 2,100 mgd, 120
for public supply, 1,200 for public-utility fuel-electric power and 720
for other industrial uses, 16 for rural use, and 3.4 for irrigation.
Hydropower use was about 25 bgd, equivalent to nearly twice the
average runoff from within the State.
To date the overall water supply has been adequate in quantity,
and as pointed out by the State (State Officials, 1960, p. 171) there
has been no need so far to choose between different consumptive uses,
even in the western part of the State. Even in the future as
foreseen, the problems will remain largely ones of storage and
transportation of water, along with protection of its quality.
GROUND-WATER STUDIES

A problem cited by the State is the need to analyze the hydrologic
data that are already available, so that future water needs can be
estimated more accurately and plans can be made to meet them.
There is also a need for keeping the data current, and substantial
efforts in this direction are being made in the current program in
cooperation between the U.S. Geological Survey and the Division
of Waters of the Minnesota Department of Conservation, the Iron
Range Resources and Rehabilitation Commission, and Hennepin
County (Minneapolis). The data on streamflow are adequate for
the major streams. There is useful basic ground-water coverage, but
for most of the State it is rather generalized, and there is need for
up-to-date reconnaissance studies of the entire State and for detailed
studies in many areas. Data on the quality of surface water are
meager but are now being collected on the principal streams and on
many lakes in a program that began in 1960.
The geology and ground water of southern Minnesota are described
in an old report (Hall and others, 1911) prepared by the U.S.
Geological Survey in cooperation with the State Board of Health.
The same area is covered in a later report (Thiel, 1944) prepared
by the State Geological Survey. Two other reports of the State
Survey cover the northwestern and northeastern parts (Allison, 1932;
Thiel, 1947). Together these reports provide reasonably good basic

430

ROLE OF GROUND WATER IN NATIONAL WATER SITUATION

coverage. A report by Leverett (1932) describes the glacial geology,
and one by Leith and others (1935) describes the Precambrian
rocks. The State's ground-water situation and problems as of 1950
were discussed in a symposium sponsored by the Minnesota Department of Conservation. Ground-water levels in observation wells
through 1956 are shown on graphs in a report by Straka and
Schneider (1957).
The important Twin Cities area is described in several reports.
The geology is described by Schwartz (1936). A report of the
Minneapolis Water Supply Commission (1932) discusses that city's
situation. A paper by Bradley (1950) describes the artesian ground
water, a report by Liesch (1961) describes the geohydrology of the
"Jordan aquifer," formed by the Jordan Sandstone and related
strata, and reports by Prior and others (1953) and the Minnesota
Department of Conservation (1961) describe the overall water
resources of the area.
Scattered areas elsewhere in the State are covered by more or less
detailed reports. The Fargo-Moorhead area in North Dakota and
Minnesota is described in a report by Dennis and others (1949),
and the basic data for Clay County, Minn., are brought up to date
in a report by Bingham (1960) that was the first product of a
followup study of the area. Small areas in Wilkins and Traverse
Counties adjacent to the North Dakota line are described in a report
on the Fairmount area in Blchland County, N. Dak. (Paulson,
1953). The Cloquet area on the St. Louis River west of Duluth in
Carlton County is described by Akin and Jones (1952). The Duluth
Municipal Airport area northwest of the city is described by Rogers
(1962). The southern part of the Camp Ripley Military Reservation
in Morrison County in the middle of the State is described by Jones
and others (publication pending). The area in the vicinity of Elk
River, Sherburne County, site of a proposed nuclear reactor, is
described by Norvitch and others (publication pending).
Areas in southwestern Minnesota are covered in several reports.
A report by Norvitch (1960) describes ground water in alluvial
channel deposits in Nobles County, and another report by the same
author (publication pending) describes the geology and groundwater resources of Nobles County and a part of Jackson County.
Water in similar deposits in Lyon County is described by Schneider
and Rodis (1961). A preliminary report by Rodis and Schneider
(1960) describes ground water of low hardness and high chloride
content in an area in Lyon County, and a later report (Rodis, publication pending) describes geology and ground water in the whole
county. A paper by Rodis (1961) describes the use that was made
of water-well data in interpreting the occurrence of aquifers in
northeastern Lyon County. A study in the Redwood Falls area,

MINNESOTA

431

Redwood County, has been completed (Schiner and Schneider, publication pending).
The Halma-Lake Bronson area in Kittson County in northwestern
Minnesota is described by Schiner (publication pending).
The northern Minnesota iron-ore area is coming in for increasing
attention, as the State Iron Range Resources and Rehabilitation
Commission and the Division of Waters of the State Department
of Conservation explore the possibilities of developing low-grade
iron ore (taconite). Municipal water supplies in the Mesabi and
Vermilion iron ranges are described by Cotter and Young (1960).
Exploratory drilling and test pumping in the Mountain IronVirginia area in the Mesabi range in St. Louis County are described
by Cotter and Rogers (1961). A map of the Chisholm-Dewey Lake
area in the Mesabi range, showing the surficial geology and areas
where bedrock is near the surface (and ground-wrater conditions are
least favorable) has been released to the open file (Liesch and
Norvitch, 1961); an interpretive report on this area is being prepared. Similar maps covering 13 other areas in the Mesabi range
are on file in the district office of the Geological Survey at St. Paul.
As is so often the case, studies made for one purpose may have
interesting byproducts that are useful elsewhere. The technique
developed for using \vater-well data in locating aquifers in northeastern Lyon County has already been mentioned. The studies in
the iron ranges have led to some interesting ideas on correlation of
ground-water and air temperatures and, from this, on timing and
amount of ground-water recharge (Schneider, 1961). Ground-water
temperatures were used to study recharge from streamflow and
percolation through a confining bed of glacial till in the Worthmgton
area in Nobles County in southwestern Minnesota (Schneider, 1962).
The basic series of annual reports on surface water supply, quality
of water, and water levels in observation wells, published as watersupply papers of the U.S. Geological Survey, provide valuable
background for hydrologic studies of all types, in Minnesota as in
other States. Available basic hydrologic data are summarized in a
brief but comprehensive and useful "Hydrologic Atlas of Minnesota" (Minnesota Dept. Conservation, 1959), in which the State is
divided into 39 watershed units.
GROUND-WATER RESOURCES AND DEVELOPMENT

Minnesota can be divided on the basis of geology into seven
ground-water areas. In two of these, including the largest of the
seven, problems are not critical. These two areas are described
briefly, and then the five in which current or potential problems
require more attention are described in more detail.
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NORTH-CENTRAL AREA

The largest ground-water area takes in *about half the State,
covering the part north of the latitude of the Twin Cities except
for the Lake Agassiz plain in the northwest and the Mesabi iron
range and Arrowhead area in the northeast. It is an area of swamps
and lakes, underlain mostly by Precambrian rocks mantled by glacial
drift. The economy is based largely on farming, forest products,
and the tourist industry, and water uses are not great. The precipitation of about 25 inches is adequate, in view of the cool climate,
for growth of most crops, and there is little irrigation. Water for
municipal and rural needs is obtained from wells in the glacial
drift. There have been a few problems where local ground-water
supplies have not been adequate, but ample water is generally available to meet present and anticipated needs. The ground water is
generally hard and locally is high in iron and manganese content
or in color but otherwise is of good quality.
ARROWHEAD AREA

The Arrowhead area includes the northeasternmost two counties
plus southeastern St. Louis County south of the Mesabi iron range.
The area is one of thin glacial drift overlying ancient crystalline or
volcanic rocks. There are numerous lakes. Water is needed mostly
for small towns and tourist facilities and is obtained from wells
in drift or bedrock; many of the supplies are inadequate, especially
along the southeast edge of the area. The lakes are good sources
but are often several miles from a point of need. Sewage pollution
of the lakes is a growing; problem, made all the more serious
because the low temperature of the water slows oxidation of the
organic matter. The area is geologically complex, and location of
ground-water supplies is correspondingly difficult. Thus, although
this area has the greatest runoff in the State and the overall picture
is one of plenty, there are local shortages or other water-related
difficulties.
MESABI RANGE AND ADJACENT AREA

The Mesabi range is an iron-rich belt about 3 miles wide extending
about 120 miles northeastward across Itasca, St. Louis, and northwestern Lake Counties. It lies on the south flank of the Laurentian
divide the Continental Divide in this area and drains southward
into Lake Superior«or into the Mississippi Kiver. The average
annual precipitation is about 26 inches.
There is little farming, and no irrigation so far as is known.
Most activities relate to iron mining.
Precambrian bedrocks, including the iron-bearing formations,
underlie the entire area. Except in a few small areas where Cretaceous rocks intervene, the bedrocks are overlain by glacial drift,
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which ranges in thickness from about 100 feet in the east to 500
feet in the west.
The principal aquifers are the Biwabik Iron-Formation and outwash in or at the top of the glacial drift. Alluvium and beach
deposits in the southern part of the area may be capable of yielding
moderate supplies of w^ater. All the bedrock units yield at least
small supplies. The present use of ground water is largely for
domestic and muncipal supply. Wells of 11 municipalities in 1960
obtained about 2.2 mgd from the Biwabik Iron-Formation; 2 of
the 11 obtained minor amounts of water from the Virginia Slate
and the Pokegama Quartzite. One additional municipality obtained
its supply of about 0.01 mgd from the Virginia Slate. Ten municipalities obtained about 3.8 mgd from glacial drift; three of these
used minor amount from the Biwabik Iron-Formation also. About
1.7 mgd of surface water was used for four municipalities.
As to the quality of water, the Biwabik Iron-Formation, the best
known of the bedrock formations, and the glacial drift are generally
similar. The water tends to be low in dissolved solids, moderately
siliceous, hard to very hard, and high in iron and manganese. The
water of the drift is more variable in quality and has more color
than that of the Biwabik.
Industrial water, used largely for ore washing and processing,
is obtained from impounding reservoirs on small streams. Water
that collects in abandoned open-pit mines also is used, and at least
one company plans to supplement its water supply from surface
reservoirs with water from wells in glacial drift. The water in most
streams of the area has a maximum dissolved-solids content of
less than 200 ppm and an average of less than 100 ppm. Like the
ground water of the area, it contains principally calcium, magnesium,
and bicarbonate. Iron is present in concentrations ranging from a
few tenths of a part per million to about 1 ppm, manganese generally
is absent, and the water is soft. Because much of the surface water
represents runoff from forests and swamps, it generally is highly
colored by organic matter.
Problems include current and developing shortages of water for
the water supply of several municipalities. Some local studies have
been made, as in the Mountain Iron-Virginia area (Cotter and
Rogers, 1961) and the Chisholm-Dewey Lake area (Liesch and
Norvitch, 1961), and studies of several other areas are underway.
Bedrock maps of the central and eastern parts of the range are
being prepared, and several have been released to the open file as
cited previously. A report is being prepared summarizing the
available information on ground water in the vicinity of municipalities in both the Mesabi and Vermilion ranges, but the information
is inadequate and much more is needed. There is every likelihood
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that detailed studies would reveal the presence of productive aquifers
within feasible distance of most if not all municipalities needing
water.
Pumping to dewater open-pit mines, whether for water supply
or simply to dispose of the water, has adversely affected some
municipal wells penetrating the iron-formation.
Quantitative information is needed on the two principal aquifers,
the Biwabik Iron-Formation and glacial outwash, in order that the
regional capabilities of these rocks may be estimated. With increasing need for water for the hoped-for industrial expansion of the
area, a better picture of the ground-water potentialities is both
desirable, to encourage development, and essential, to prevent overdevelopment. Considerable information is available on the location
of the productive drift deposits in the central and eastern parts of
the area, but little on their quantitative hydrology. Little information is available on the distribution of permeable zones in the
Biwabik Iron-Formation, beyond that revealed by wells already
drilled. Information on all phases is needed in the western part of
the area, where few studies have been made to date.
LAKE AGASSIZ PLAIN

The Lake Agassiz plain covers about 5,000 square miles of northwestern Minnesota, forming a triangle 180 miles high whose apex
is in west-central Minnesota and whose base in Minnesota is a
50-mile stretch of the Canadian border. It consists of the bed of
glacial Lake Agassiz, along the lowest part of which the Red River
of the North flows northward between Minnesota and North Dakota
into Canada. The area is very flat, even the ancient beach ridges
being so low that they are not easily discernible to the eye. The
area is primarily agricultural, the principal activities being the
growing and processing of small grains, potatoes, and sugar beets.
The plain is underlain by generally fine-grained sediments, first
lake deposits and then glacial drift overlying sediments of Cretaceous
age; these rest on Paleozoic rocks that contain saline water or
Precambrian rocks that contain little water of any kind. In short,
ground water of good quality is not abundant.
The Precambrian rocks underlie the entire area. They yield
small supplies from fractures near the top or from a clayey
weathered zone at the top. The Paleozoic rocks, of Ordovician age,
are present only in the northwesternmost counties in the State; they
consist of as much as 650 feet of sandstone, shale, and limestone
which yield salty water to flowing wells. The Cretaceous rocks
are not continuous but form patches overlying older rocks throughout the area. They range in thickness from 0 to 400 feet and locally
more but probably average less than 100 feet; they consist mostly
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of soft shale but include thin beds of sand which, though not highly
productive, are important aquifers in this area of prevailing meager
supplies. The water ranges from soft to hard and is saline in some
areas, including parts of Marshall, Polk, Clay, and Wilkin Counties.
The glacial drift, which also varies greatly in thickness, is the
most important aquifer. The rocks traversed by the glaciers that
brought the drift were largely fine grained, and thus so is the drift.
Buried channel deposits, which must be located by test drilling,
yield moderate supplies of water that generally is hard and commonly is high in iron. It is high in hydrogen sulfide content in
some areas. Locally the water is contaminated by saline water
from the underlying rocks.
The lake deposits yield small supplies from silt, but only largediameter wells will yield enough water for even domestic uses from
such fine-grained material, and this generally means shallow dug
wells that are vulnerable to both drought and pollution. Locally,
lakebed sand and beach deposits yield larger supplies, and in places
the beach deposits are associated with bodies of glacial outwash
which yield relatively large supplies.
Most public and industrial water supplies are obtained from
buried glacial outwash. The City of Moorhead (Dennis and others,
1949; Bingham, 1960) uses about 1 to 2 mgd from wells (an average
of 1.46 mgd in 1960). Sugar-beet plants at Crookston and Moorhead and potato-processing plants in several towns use ground water.
No ground water is used for irrigation. Surface water is used for
public supply at several towns where the ground water is saline,
but surface-water supplies are not large.
Future growth of the area will depend largely on the availability
of water, and not enough is known on that subject to permit full
exploitation of the supply. Studies made in recent years include
those in the Fargo-Moorhead and Halma-Lake Bronson areas, cited
previously, and those now underway in parts of Kittson, Marshall,
and Roseau Counties. Similar studies should be made in the entire
area. Supplemental irrigation undoubtedly would be practiced if
water supplies wrere known to be available, as this is the driest part
of the State. Increasing demands for rural, municipal, and industrial supply and potential demands for irrigation water, along with a
scarcity of surface water, mean that the ground-water supply ultimtely must be developed fully. A comprehensive study of the ground
water is needed, both to encourage full development and to provide
the factual basis for necessary measures to solve existing or potential
problems. The problems include local excessive withdrawals resulting in declines in artesian pressure or in encroachment of saline
water from rocks adjacent to fresh-water aquifers.
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TWIN CITIES AREA

The Twin Cities area is Minnesota's principal center of population and of industry, which includes processing and distribution of
agricultural products as well as nonagricultural industries. It has
a population of 1% million. It covers about 2,000 square miles at
the east edge of the narrowest part of the State and includes Hennepin, Ramsey, and Washington Counties and parts of Carver, Scott,
Dakota, and Anoka Counties.
Large quantities of surface and ground water are available and
are used. The largest single source is the Mississippi River, which
furnishes water for the public supplies of Minneapolis and St. Paul
and for several industries. Two principal tributaries, the Minnesota River from the west and the St. Croix from the northeast, enter
the Mississippi within the area; little water is withdrawn from these
streams at present. There,, are large supplies of ground water in
glacial drift and Paleozoic bedrock, and more ground water than
surface wTater is used in the area (not counting surface water used
for fuel-electric power).
The Twin Cities area, the area of greatest water use in the State,
has received considerable attention in the form of hydrologic studies,
as cited previously. The subsurface geology is well known as a
result of study of thousands of well logs (Schwartz, 1936). The most
recent published report is that of the Minnesota Department of Conservation (1961) ; it both summarizes and brings up to date the earlier
reports.
The glacial drift is commonly 150 to 200 feet thick on the upland
and reaches thicknesses of 400 feet or more in ancient channels of
the Mississippi and tributaries. The drift on the uplands contains
beds and lenses of outwash that yield domestic supplies and locally
are capable of moderately large yield. The outwash along the present
streams and in the ancient channels is capable of moderate to large
yields. The water supply of the drift has been developed on only
a relatively small scale to date because of the better known artesian
supply in the bedrock.
The bedrock consists of strata of Cambrian and Ordovician age
which thin to a featheredge at or near the north edge of the area;
farther north, Precambrian rocks lie directly beneath the drift. The
strata form a saucer-shaped artesian basin in which the dip of the
strata is about 20 feet per mile around the west, north, and east
edges and 10 to 20 feet per mile along the south edge and is nearly
zero in the center, near the intersection of Minneapolis and St. Paul.
In the Twin Cities area the Paleozoic strata are about 1,100 feet
thick.
The principal ground-water reservoirs in the bedrock are beds of
sandstone, the Jordan Sandstone and other sandstones of Cambrian
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age below and the St. Peter Sandstone of Ordovician age above. The
most permeable strata, however, are the Oneota and Shakopee Dolomites between the Cambrian and Ordovician sandstones. The
dolomites yield water more freely to wells than do the sandstones,
but the sandstones are the principal storage media.
The Jordan Sandstone of Late Cambrian age, 80 to 105 feet thick,
is the most important of the sandstone beds below the dolomites.
Below-the Jordan is roughly 200 feet of dolomite, shale, and mostly
fine grained sandstone. The sandstone, and especially a mediumto coarse-grained sandstone 15 to 40 feet thick at the base of this
sequence, yields some water which is generally high in iron. Next
below is the Dresbach Group, also of Late Cambrian age, which is
250 to 400 feet thick and is divided into a productive upper sandstone and a less productive lower unit of finer grained sandstone,
shale, and siltstone. Below the Dresbach is the Upper Cambrian
Mount Simon Sandstone (considered a member of the Dresbach by
the State), 150 to 200 feet of coarse sandstone which is a productive source of water. Finally, below the Mount Simon and with it
forming a single aquifer, is 75 to 175 feet of fine- to coarse-grained
sandstone known in Minnesota as the Hinckley. It is of Precambrian
age, and it is one of the few Precambrian rocks in Minnesota that
yields water freely to wells.
The well-known St. Peter Sandstone, the only sandstone aquifer
above the Jordan that is capable of more than small yields, consists
of about 150 feet of fine- to medium-grained sandstone and yields
moderate supplies to many wells in the part of the area where it
is present in the zone of saturation.
The pumpage of ground water in 1960, mostly from wells in
the bedrock, was estimated by the State Division of Waters at 134
mgd. The pumpage included water from domestic wells for 378,000
suburban residents, water from wells of integrated systems serving
78 communities, and water from industrial and commercial wells.
About 97 mgd was pumped from the Mississippi River for the public
supplies of Minneapolis and St. Paul and for a few industries; the
amount does not include water used in generation of public-utility
fuel-electric power.
The water in the Jordan Sandstone is recharged largely by downward flow of water through the Shakopee and Oneota Dolomites
and moves both toward the edges of the basin and toward the heavily
pumped center. The average gradient of the piezometric surface of
the Jordan Sandstone toward the large cones of depression in downtown St. Paul and Minneapolis is about 10 feet per mile. In addition
to the recharge from above, there is recharge at the edges of the
basin in two areas where the water table in the glacial drift is
671316 O 63
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above the piezometric surface of the Jordan Sandstone. Elsewhere
along the edges the piezometric surface of the Jordan is at the same
elevation as or a higher elevation than the water table in the drift.
Water levels in aquifers below the Jordan Sandstone are everywhere lower than those in the Jordan. As these aquifers are not
pumped as heavily as the Jordan, their lower water level suggests
that they are recharged by downward movement from the Jordan,
just as the Jordan is recharged by downward movement from higher
strata.
There has been a moderate but not yet serious decline of water
levels. As of the late 1950's the summertime pumping levels in
most wells ending in the Jordan Sandstone in downtown Minneapolis and St. Paul still were not more than about 200 to 250 feet
below the surface. Water levels in the Jordan are deepest in St.
Paul 660 feet or less above sea level in the deepest part of the
cone of depression in December 1958, as compared to about 720
feet in the deepest part of the cone in Minneapolis (Minnesota Dept.
Conservation, 1961, fig. 3, p. 13).
Although the data for the early 1950's were not conclusive because
of changes in local pumping rates over the years, they suggested an
average decline in the heavily pumped downtown area of only a foot
or so per year over the previous half-century (Prior and others,
1953, p. 37). The decline was less in the latter part of the period
than in the earlier. Later data show that it was about half a foot
per year in 1945-55. Since 1955, however, it has increased to about
2 feet per year as pumping has risen. The pumpage in the downtown area exceeded 20 mgd in 1960, and water levels will continue
to decline for some time even if the pumping rate becomes stabilized.
Compare, however, the Chicago area, where the situation is similar
economically but less favorable hydrologically because of greater
distance to areas of recharge. Water was being lifted as much as 800
feet in downtown Chicago in 1959 (p. 313). It is obvious that the
Twin Cities area has a long way to go before it will approach
Chicago's situation, because more favorable recharge conditions will
prevent water levels from declining as low at comparable rates of
withdrawal.
Locally in suburban areas, the much shallower wells used for
domestic supply are showing signs of pollution, presumably by
septic-tank effluent.
On the whole, however, there are no critical shortages or other
serious problems affecting ground water. The future will bring
some changes, though not necessarily severe shortages. The Division of Waters estimates that the demand for water in the area
(still excluding public-utility fuel-electric power) will increase by
1980 to about 400 mgd, nearly double the 1960 rate. More water
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will be taken from rivers for public supply, and many suburban
residents now supplied by wells doubtless will be served by the
growing systems of Minneapolis and St. Paul. The capacity of
Minneapolis' treatment plant is about 120 mgd, about twice the
present average rate of use. St. Paul's system is very nearly up to
capacity, however. The cities may obtain some of the needed additional water from the Minnesota and St. Croix Rivers, respectively.
Although a larger proportion of the total population may be
supplied by surface water in the future, the use of'ground water
by suburban communities outside the cities' distribution systems
doubtless will continue to increase, and there will also be many new
industrial and commercial wells in the suburbs.
An expanded program of collection of basic ground-water data
is needed, especially of data on the hydrologic properties of, the
pumpage from, and the water levels in the different aquifers. These
data are needed to show more accurately than can now be determined
what the effects of increased pumping will be and which aquifers
and areas are most favorable for the increasing development of the
future. Data on quality of water are being collected in a program
that began in 1960, with special reference to "background" contents
of constituents, such as nitrate, that serve as indices of pollution.
SOUTHWESTERN AREA

The southwestern area occupies about the southwestern sixth or
seventh of Minnesota about 13,000 square miles. Its north line is
at about the same latitude as that of tlie Twin Cities area; its
northwest corner is the south end of the Lake Agassiz "triangle."
Its east line lies a title west of the Twin Cities area and is defined
as the east edge of Cretaceous rocks; it includes the largest area of
Cretaceous rocks in the State.
The area is primarily agricultural, and farming and food processing are the chief occupations. Ground water meets most needs.
Only one city, Granite Falls, is supplied wholly by surface water,
though several others rely on streams for a part of their supply.
The area, like most of the rest of Minnesota, is underlain by
glacial drift, which is the principal aquifer. The drift ranges in
thickness from 0, in a few places where it is missing, to 500 feet
or more. It is similar hydrologically to that beneath the Lake
Agassiz plain; that it, it is mostly of low permeability but includes
buried and surficial outwash deposits which yield small to moderate
and locally large quantities of water to wells. On the whole, it is a
little more productive than the drift in the northwest. Sandy terrace deposits along the larger streams, some of them perhaps postglacial rather than glacial, supply water to some towns.
The Cretaceous rocks are largely fine grained but include sandstone, some of it rather productive. There are flowing wells in Big
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Stone, Kedwood, and Lyon Counties. The flows generally are only
a few gallons per minute, but one well at Camden State Park in
Lyon County initially flowed 1,600 gpm, and several others flow
about 300 gpm each (Kodis, publication pending).
Paleozoic rocks underlie the Cretaceous rocks along the east edge
of the area. Locally they will yield large quantities of water to
wells.
Beneath the Cretaceous or Paleozoic rocks, and beneath the drift
where the Cretaceous rocks are missing, are Precambrian rocks.
These include granite and gneiss, which yield small supplies of
water from joints or a weathered zone; and the Sioux Quartzite,
which yields small to large supplies from fractures or from zones
of loose sand in parts of Kock and Pipestone Counties where it is
at or near the land surface.
The ground water in the area is generally hard. Locally, as in
northern Lyon County (Rodis and Schneider, 1960), the Cretaceous
rocks yield water that is soft or only moderately hard, less than 70
ppm as CaCO3 , but is high in chloride content, 50 to 500 ppm. The
sulfate content also is high in much of the water from the Cretaceous. Water in the glacial drift generally contains more than 1,000
ppm of dissolved solids, but that in surficial outwash and terrace
deposits may contain less than 1,000 ppm. The water in the drift
along the north and east edges of the area is generally of better
quality than that elsewhere.
Ground-water supplies in much of the area are inadequate for
needs greater than domestic. The largest supplies are found in surficial deposits of outwash along the north edge of the area which
are believed to be related to the glacial Minnesota Elver and other
large streams, in the Paleozoic rocks along the east edge of the area,
and locally in the Cretaceous sandstone and in the Sioux Quartzite.
Aquifers buried in the drift generally are not highly productive and
are limited in rate of recharge by the surrounding fine-grained drift;
hence, they tend to have rather small sustained yields. Some municipalities and many farms have had difficulty in obtaining adequate
supplies.
As in the Lake Agassiz plain, normally expected growth in population and industrial activity will strain many existing supplies. A
comprehensive ground-water study is needed to provide a basis for
location and evaluation of the supplies of all the productive aquifers,
in order to encourage the maximum practical development (including
pumping for irrigation which is now done in few places), and for
protection of the ground-water resources from overdevelopment.
The studies in Lyon and Nobles Counties have shown that good
aquifers can often be located within reasonable distances of points
of need, and similar studies are needed in the rest of the area. In

MINNESOTA

441

addition to area-by-area studies, regional evaluations of the sustained
yields of the* more productive aquifers are needed.
SOUTHEASTERN AREA

The southeastern area includes about 7,000 square miles southeast
and south of the Twin Cities area, plus a strip 15 or 20 miles wide
along the west edge of that area. It is underlain by strata of Cambrian, Ordovician, and Devonian age, which rest on basement rocks
of Precambrian age. Thin and discontinuous glacial drift overlies
the Paleozoic rocks in the western and central parts of the area;
the eastern part is in the "driftless" area.
The Paleozoic rocks form a south-southwestward-plunging structural basin whose axis passes through the Albert Lea-Austin area,
in Freeborn and Mower Counties in the southern tier of the State.
They consist largely of sandstone but include dolomite, limestone,
and shale. As in the Twin Cities area, the best bedrock aquifers,
from top to bottom, are the St. Peter Sandstone, dolomites of Ordovician age, sandstones of the Jordan, Dresbach, and Mount Simon
Formations, and, below, the Precambrian sandstone known as the
Hinckley.
The only large stream is the Mississippi River along the east edge
of the area. It is a large potential source of water but is little used
in the area at present.
The potential yield of ground water is larger than that in any
other area in the State. All public water supplies come from wells,
and except along the Mississippi so do all supplies used for industrial purposes other than power generation. About 20 mgd is pumped
for public supply and a probably similar amount for industry. Many
food-processing plants use ground water, and there is an expanding
iron mining and processing industry in Fillmore County which also
uses ground water. About a million gallons per day is used for
irrigation. Nearly all the water used by the rural population comes
from wells, and the draft is a few tens of millions of gallons per day.
Because of the alternation of rocks of low and high permeability,
artesian conditions exist except in the uppermost rocks beneath the
land surface. There are flowing wells that yield 600 or 700 gpm,
and pumped wells that yield as much as 2,000.
The ground water is generally of good quality. Some of it, especially that from the Precambrian sandstone in the northern part of
the area, is softer than is generally expected in the Midwest.
^Not much up-to-date information on ground water is available.
The old report by Hall and others (1911) and the later report by
Thiel (1944) contain general'information, but there are few quantitative data beyond the yields of wells.
The population, industrial activity, and use of water in the area
are expected to increase rapidly. Irrigation, now taking only about
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a million gallons per day, is expected to grow substantially in time,
but perhaps not rapidly because of generally adequate precipitation
and of the unsuitability of some dissected lands and of some soils
for irrigation. The biggest existing problem is lack of detailed
ground-water information needed to encourage and guide future
development and to provide a basis for protection of the ground
water the only practical source of water in most of the area from
local overdevelopment and pollution.
PROBLEMS, PROSPECTS, AND NEEDS

Minnesota's report to the Senate Select Committee on National
Water Resources (State Officials, p. 171-176) is a brief but comprehensive summary of the State's situation. It brings out the generally
favorable situation that exists in spite of the fact that the precipitation is a sixth less and the runoff three-fifths less than the
conterminous-State average. The main reasons are the topography,
which encourages retention of water, and the cool climate, which
holds down evaporation so that Minnesota has the largest total area
of inland lakes in the Nation and loses less water by evaporation
than States to the south and west.
The State brings out also how physical limitations on water
supply, as important as they are, generally are not controlling.
Economic limitations come next, but frequently even these give
way to legal limitations, such as where water is physically and
economically available for irrigation but cannot be used because
the land proposed for irrigation is not riparian. And, even in some
cases where water is physically, economically, and legally available,
its use still may not be possible because of difficulty in arriving at
decisions, essentially political, required for the needed public action.
Problems or needs cited by the State include the following:
1. Legislation to permit diversion of water to nonriparian land,
normally not permitted under the riparian doctrine followed in
Minnesota. An exception has been made for the iron industry; the
State believes that such diversion should be permitted for all
beneficial uses.
2. Legislation to permit storage of surplus streamflow, also in
doubt under the riparian doctrine; safeguards should be incorporated
to insure reasonable and beneficial use and to prevent excessive
consumptive use and depletion of flow.
3. Legislation to permit use of floodwater, as well as normal
streamflow, on nonriparian land.
The State believes that the changes in water-rights law required
under items 1 to 3 could be made without substantial impairment of
the riparian doctrine.
4. Legislation to strengthen the control of pollution, not yet a
serious problem.
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5. There are serious flood problems. In addition to existing,
authorized, or proposed Federal projects, the State sees a need for
zoning flood plains to prevent further encroachment that would
tend to increase the damage caused by future floods; it believes
that such zoning should be prerequisite to approval of new Federal
projects.
6. The biggest problem in formulating State policy is the lack
of adequate analysis of existing hydrologic information, as a basis
for future planning. In addition to the analysis of existing data,
there is a need, as pointed out in the descriptions of ground-water
conditions by areas, for collection and analysis of many additional
data.
7. Research, the results of most of which would be applicable
outside as well as inside Minnesota, is needed on many subjects:
reduction of evaporation and seepage from ponds and reservoirs;
mechanism of evaporation and transpiration; treatment of water
to remove pollutants, including relatively new problem materials
such as synthetic detergents and radioactive wastes; design of
systems for recirculation and reuse of water in small municipalities;
safe methods of artificial ground-water recharge; conversion of
saline water; economic studies of the impact of changes in water
rates; relative value of different nonconsumptive uses of water; and
effect of gradually diminishing water supplies on recreational uses.
In connection with the last, it should be mentioned that western
Minnesota is the eastern part of the "prairie pothole" belt in which
there is controversy between those who want to drain the potholes
for agriculture and those who want to preserve them for wildlife,
especially ducks and geese.
As is to be expected, the western part of the State is that having
the currently and potentially most serious water problems. Supplies
are inadequate for many existing uses, to say nothing of the
increased uses that are likely, or at least are desirable. Both industry
and irrigation would eventually use large quantities of water if it
were available. Irrigation especially would create a problem by
increasing the consumptive use of water, as a result of transpiration
by crops and evaporation from storage reservoirs, and the effects
would be felt downstream. According to how effective the controls
might be, industry might or might not have a similar depleting
effect, either by reducing the supply of water by recirculation and
evaporation or by reducing the usefulness of the water through
addition of polluting substances or heat.
The State believes that all its water problems can be handled
through a rather complete system of land and water management,
based on establishment of local watershed districts which would
keep the control at the lowest level yet could take full advantage
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of information, guidance, and financial assistance from State and
Federal sources.
On the whole, it would seem realistic to assume that, with its
many natural advantages and its lack of extremely serious problems
to date, Minnesota will succeed in developing the water it needs to
maintain and accelerate the substantial economic growth of the
recent past.
MISSISSIPPI
Very large resources of both surface and ground water; in few other States
is so large a proportion of area underlain by productive aquifers. Precipitation
about 46 to 48 inches in north to 65 inches in south and averages 53 or 54,
among highest in Nation. Average annual runoff exceeds 15 inches nearly
everywhere and is above 20 in northeast corner and southern quarter and above
30 in southeast corner; averages about 21 inches for a total of 48 bgd. State
has access to Mississippi River along most of west edge; otherwise receives
little water from outside. Productive aquifers underlie entire State except
extreme northeast corner, underlain by Paleozoic rocks, and belt in northeast
underlain by tight Cretaceous and Tertiary sediments. Withdrawal use about
1,000 mgd fresh water, about three-fifths ground water, plus 160 mgd saline
surface water. Nearly all public and rural domestic supplies obtained from
wells; of 1,085 public systems only 2 supplied wholly and 2 partly with surface
water. Irrigation with both surface and ground water expanding rapidly;
other uses also rising.
Problems include floods and erosion; growing-season droughts, responsible
for rapid growth of irrigation; pollution of streams; salinity or other problems of ground-water quality in some areas; and local declines of ground-watet
levels, caused in part by discharge of unused water from flowing wells. One
of few Eastern States to modify riparian rule to enable obtaining firm rights
to consumptive use of surface water for irrigation. Future water prospects
good.

Mississippi is a Gulf Coast State having very large water resources
of which only a small part are now developed. Its ground-water
resources are large and widely available, as is reflected by the fact
that only 4 of its 1,085 public-supply systems get all or part of their
water from surface sources. These are the systems of Vicksburg,
Columbus, Jackson, and Meridian, the last two supplied partly
by wells.
Nearly the entire State lies in the Coastal Plain. In only a few
tens of square miles in the northeast corner are Coastal Plain sediments missing; that area, in which Paleozoic rocks crop out, is a part
of the Unglaciated Central ground-water region and of the Interior
Low Plateaus section of the Central Lowland physiographic province.
The State (except for the northeast corner) is in the Coastal
Plain, in the eastern part of the area known informally as the
Mississippi Embayment. All but the northwestern part and west
edge of the State is in the East Gulf Coastal Plain section of the
Coastal Plain province. The northwestern part and west edge are
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in the Mississippi Alluvial Plain section, the northern and largest
part of the section in Mississippi being known as the Yazoo Delta,
or just "the Delta."
The Coastal Plain strata of Cretaceous and Tertiary age dip
generally southwestward into the Embayment, the dip ranging from
westward in the north to nearly southward in the south. The strata
range in total thickness from zero in the extreme northeast to tens
of thousands of feet in the southwest and south. They are mantled
by terrace sand and gravel and windblown silt (loess) in a belt
5 to 30 miles wide east of the Mississippi Kiver bluffs, and are
overlain by moderately thick alluvium of Quaternary age in the
Yazoo Delta and along the Mississippi and by thinner alluvium
along the principal streams within the State. The Citronelle Formation, a largely continental terrace deposit classified as of Tertiary
(Pliocene) age but considered by some to be of Quaternary (Pleistocene) age, mantles the older sediments in a belt 2 to 3 counties wide
across the southern part of the State. In a belt 15 to 35 miles wide
along the coast the Citronelle is overlain by largely marine terrace
deposits of Quaternary age.
All the Coastal Plain formations except chalk strata of the Selma
Group, of Cretaceous age, which crop out in a belt in northeastern
Mississippi known as the Black Prairie, and the Tertiary Porters
Creek Clay, which underlies a parallel belt to the west known as
the Flatwoods, include water-bearing beds, mostly sand or sand
and gravel but including some limestone.
The dip of the sediments and the alternation of sand and clay
beds are "made to order" for artesian conditions, which exist, except
in outcrop areas, in all the sands of Cretaceous and Tertiary age
and some of those of Quaternary age. Flowing wells are found in
the Delta, in all the principal valleys, .and in the coastal lowlands. In
the southwestern part of the State, most of the valleys are small and
narrow and wells are generally drilled on the uplands.
In a belt of indefinite width in northeastern Mississippi which
begins some distance west of the east edge of the outcrop of the
.Demopolis Chalk and extends some distance west of the west edge
of the outcrop of the Porters Creek Clay, the conditions are generally unfavorable, at least for obtaining ground water at shallow
depth. The belt is of "indefinite" width because one ground-water
user might be able to afford to drill to aquifers below the Demopolis
Chalk but another -nser might not be, and also because there is some
uncertainty as to the quality of the water in the aquifers below the
Demopolis as they dip westward and deeper. The belt is only "generally" unfavorable because there are some good areas within it,
including strips- underlain by sand of the Ripley Formation, which
intervenes between the Demopolis and the Porters Creek, and areas
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of alluvium along the larger streams. The general extent of the
belt is shown by the blank area in plate 1. This and the small area
in the northeast corner of the State where the Coastal Plain sediments are absent or thin are the only such areas in Mississippi. And,
in the northeast corner, strata of Paleozoic age locally yield good
supplies, such as at and northeast of Corinth and at luka.
Mississippi is a wet State, though not quite as wet as Louisiana.
The average annual precipitation is about 46 to 48 inches in the
north, half to three-fifths again as much as the conterminous-State
average, and increases southward to about 65 inches at the south
edge, more than twice the average. It averages about 53 or 54
inches. Evapotranspiration is high because of the flat surface and
warm climate, but the precipitation exceeds it enough to generate
runoff which nearly everywhere averages more than 15 inches and
which is more than 20 inches in the northeast corner and in the
southern quarter, below the latitude of Natchez; it is more than 30
inches in the eastern part of the southern extension of the State.
It averages about 21 inches for a total of about 48 bgd. Only the
New England States, New York, and New Jersey have a higher
average rate of runoff, and only Alabama, California, New York,
Oregon, and Washington have a greater total amount of runoff;
none of these except Alabama approaches Mississippi in proportion
of area underlain by productive aquifers. Mississippi has access
to the enormous water supply of the Mississippi River along most
of its western border. To put it briefly, Mississippi has a lot of water.
The State is principally agricultural, though industrial activity
is being encouraged and is growing. The average precipitation is
obviously ample for the growth of most crops, but two factors have
led to a rapid growth in irrigation. These are droughts during the
growing season which occur occasionally and even in periods of several years' duration, such as in 1951 to 1956 (State Officials, 1960,
p. 177) ; and the increasing cultivation of crops, such as rice, that
have a water requirement larger than can be supplied by precipitation
alone. Too, acreage controls such as those on rice encourage more
intensive cultivation, including irrigation, to produce higher yields.
Mississippi solved the problem of acquisition of rights to consumptive use of surface water for irrigation, mentioned in the sections
on several States and most recently in that on Minnesota, by adopting in 1956 the principle of prior appropriation for uses of surface
water except domestic (Mississippi Board of Water Commissioners,
1958, p. 1-6). The common-law rule is still followed for ground
water, but the State is alert to the possible eventual need for legislation controlling the use of ground water (State Officials, 1960,
p. 178).

MISSISSIPPI

447

Use of water in Mississippi is substantial, though not as great as
in States of large-scale irrigation or industry. In 1960 it averaged
about 1,200 mgd, 620 fresh ground water and 400 fresh and 160
saline surface water (MacKichan and Kammerer, 1961b). Thus Mississippi is one of the few States in which the use of ground water
exceeds that of surface water, even when use for fuel-electric power
generation is included. The use of ground water included 87 mgd
for public supply, 50 mgd for rural supply, 166 mgd for industry,
and 320 mgd for irrigation. In addition, 20 mgd or more was
discharged from uncontrolled flowing wells. Surface-water use was
about 28 mgd for the public supply of 4 cities, 22 mgd for rural
use, 190 mgd for irrigation, and 170 mgd of fresh and 160 mgd of
saline water for industry (110 mgd of the fresh water and all the
saline water for public-utility fuel-electric power). In addition to
the figures shown for irrigation, about 9 mgd, mostly surface water,
was accounted for by conveyance losses between the point of diversion and the point of delivery to the fields.
The total use of surface and ground water is equivalent to only
a fortieth of the runoff, and the consumptive use to less than a
hundredth. Ground-water pumping can be considered heavy only in
Adams, Harrison, Leflore, and Yazoo Counties, in each of which
industrial and municipal pumpage of ground water exceeds 25 mgd,
and in several counties of the Delta, especially Bolivar and Washington, where there are many irrigation wells. And, the pumping has by
no means strained the total supply in those counties. Thus Mississippi
in its streams, especially the Mississippi, Pearl, and Pascagoula
Rivers, and in its aquifers has a very great remaining potential for
development of water.
GROUND-WATER STUDIES

jtTfee'general features'of ground-water occurrence and availability
uJn Mississippi .are-twell understood as a result of studies begun by
.the State Geological, Survey more than a century ago and by the
U.S. Geological Survey, in cooperation with the State Survey, early
in this century. Reports on geology and agriculture published in
1857 and 1860 included descriptions of the ground water. A sum*msry report published in 1906 '(Crider and Johnson) brought the
information on ground water up to date. The first and only comprehensive description covering the entire State was prepared cooperatively by the Federal and State Surveys and was published in
1028- (Stephenson and others). A report by Foster (1937) summarized the information on artesian water for use by the State
Planning Commission in attracting industry. Important information
on the occurrence of fresh water at depths greater than those generally reached by water wells at the time of the report by Stephenson
and others is added by a report of the Mississippi Board of Water
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Commissioners (1960). A report by Lang and Boswell (1960)
describes potential sources of water in deep aquifers for public and
industrial supplies in most of northern Mississippi east of the Delta.
A report by Lusk (1953) summarizes the measurements of water
levels made in observation wells in 1938-52. Brief papers by
Schneider (1947) and Lang (1955a, b), as well as the section on
ground water in the 1960 report of the Board of Water Commissioners cited above, summarize the availability of ground water
in the State. A report by the Mississippi Board of Water Commissioners (1958), which is now the principal State agency cooperating in the ground-water studies, and the State's contribution to the
Senate Select Committee (State Officials, 1960, p. 177-182), also
prepared by the Board, describe Mississippi's situation and set forth
the State's policy and plans for the future.
Modern reports describing the geology and mineral resources of
27 of Mississippi's 82 counties have been published by the State
Survey since 1939. The counties covered to date are Adams, Benton,
Carroll, Choctaw, Clay, Forrest, Itawamba, Kemper, Lafayette, Lauderdale, Lee, Madison, Marshall, Monroe, Montgomery, Panola, Pontotoc, Prentiss, Scott, Tallahatchie, Tippah, Union, Warren, Webster, Winston, Yalobusha, and Yazoo. The report on Prentiss County
is the first of a new type including a substantial section on ground
water (Ellison and Boswell, 1960). The county reports published
earlier contain only brief statements on ground water, based largely
on the 1928 report by Stephenson and others. These reports were
not intended to cover the ground water in detail, but they provide
detailed information on the geologic framework of the counties that
has been or will be most valuable in comprehensive studies of
ground water.
Several areas ranging in size from small to large have been covered
by rather comprehensive ground-water reports since 1943. These
include the Camp McCain area in Grenada, Calhoun, Montgomery,
and Webster Counties (Brown and Adams, 1943) ; the Camp Van
Dorn area in Amite, Wilkinson, and Franklin Counties (Brown and
Guyton, 1943); the Camp Shelby area in Forrest, Perry, Greerie,
Jones, and Wayne Counties (Brown, 1944) ; and the coastal avea
the southern extension of the State between the Pearl River and the
Alabama line (Brown and others, 1944). The geology and artesian
water of the Yazoo Delta were described by Brown (1947), and a
report on public and industrial water supplies in the Delta is in
preparation. The water of the Quaternary deposits of the Delta,
which has become important since irrigation began to exapnd in the
early 1950's, has not been described comprehensively as yet. The
general prospects are outlined in brief papers by Morse and Lusk
(1953) and Lang (1955c), and a report by Harvey (1956b) presents
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records of irrigation and industrial wells and of water levels and
includes water-table maps of Bolivar County and the Lake Washington area in Washington County. A report by Harbeck and others
(1961) assesses the effect on lake and ground-water levels of pumping water for irrigation from Lake W?,shington, an abandoned
meander, or "oxbow lake," of the Mississippi River in Washington
County. Irrigation prospects in northeastern Mississippi are discussed in a brief paper by Lang and Boswell (1957).
The Jackson area in Hinds, Rankin, and Madison Counties is
covered in a preliminary report by Harvey and Lang (1958). A
more comprehensive report, of wliich the basic-data part has been
published (Harvey and others, 1961), is in preparation. A study
of the Cretaceous rocks in northeastern Mississippi has been
completed and a report is in preparation.
Smaller areas are covered in relatively brief reports. These include
the area along Bogue Phalia between Symonds and Malvina in
Bolivar County in the Delta (Lusk, 1950) ; the Vicksburg industrialpark area in Warren County, also in the Delta (Harvey and Callahan, 1962); the Aberdeen-Columbus area in Monroe, Clay, and
Lowndes Counties (Boswell and Lang, 1957); and the Hattiesburg,
Laurel, and Pascagoula areas in Forrest, Jones, and Jackson Counties, respectively (Lang and Robinson. 1958). The overall water
resources of the Pascagoula area are described in a preliminary
report by Harvey and others (1959), and a more comprehensive
report has been completed and is in review.
GROUND-WATER RESOURCES

Mississippi can be divided into seven large areas, or regions, for
description of the ground water. The boundaries of all except one,
the Yazoo Delta, are rather arbitrary, as the ground-water conditions change gradually across them. The seven are the Cretaceous
region (including the Paleozoic area) ,^-north-central region, upper
Pearl and Big Black River basins, lower Mississippi River region,
east-central region, lower Coastal Plain, and Yazoo Delta.
CRETACEOUS REGION

The Cretaceous region, which for the purpose of this report
includes the small area in which Paleozoic rocks are exposed, covers
all or parts of 20 counties in northeastern Mississippi in which
westward- to southwestward-dipping rocks of Cretaceous age crop
out or are tapped by wells. The boundary starts at about the
northeast corner of Lauderdale County and goes generally northnorthwestward to a few miles east of Oxford, Lafayette County,
and then goes north-northeastward to the middle of the north edge
of Benton County and the Tennessee line.
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Large quantities of water of generally good quality are available
from several aquifers of Cretaceous age. In the northeast corner of
the State, principally in Tishomingo County and eastern Alcorn
County, where the Cretaceous rocks are absent or thin, limestone
and sandstone largely of Mississippian but partly of Devonian age
yield small to moderate quantities of water to domestic, municipal,
and industrial wells.
In the northern part of the Cretaceous region, generally north of
Chickasaw and Monroe Counties, the principal Cretaceous aquifers
in ascending order are sands in the Tuscaloosa Group, the Tombigbee
Sand Member of the Eutaw Formation, and the Coffee Sand and
sand in the Ripley Formation of the Selma Group. The aquifers
are tapped not only in their outcrop areas but downclip beneath
the fine-grained sediments for example, the Coffee Sand beneath
the Demopolis Chalk, and sand of the Ripley Formation beneath
the Porters Creek Clay. Water from the sand of the Tuscaloosa
Group contains considerable iron in the eastern part of the region,
water from the Tombigbee Sand Member is moderately mineralized
in the extreme western part, and water from the Tombigbee Sand
Member, Coffee Sand, and Ripley Formation is moderately hard
in the northern part.
In the southern part of the Cretaceous region the chief aquifers
are sands in the Tuscaloosa Group and in the McShan, Eutaw, and
Ripley Formations. The water from the Tuscaloosa is irony in the
eastern part of the region and that from the Eutaw is moderately
mineralized in the western part.
Pumpage of ground water in the region, including some water
from Tertiary and Paleozoic rocks, was about 33 mgd in 1960. The
aquifers are lightly developed except for the uppermost sands in
the Tuscaloosa Group in the Aberdeen-Columbus area (Boswell
and Lang, 1957) and the Eutaw Formation in the Tupelo and West
Point areas. Large supplies, now practically untapped, are available
from the Ripley Formation in the northern part of the region. Sands
deeper in the Tuscaloosa Group than those pumped in the AberdeenColumbus area are potential sources of large supplies in the southern
part of the region, especially in parts of Clay, Lowndes, Noxubee,
and Oktibbeha Counties; they are now developed in only three
small areas. Surface water generally is little used, but Luxapalila
Creek furnishes about 3 mgd for the municipal supply of Columbus,
Lowndes County.
NORTH-CENTRAL REGION

The north-central region includes all or parts of 14 counties south
of the Tennessee line, west of the Cretaceous region, and east of the
Yazoo Delta. The southern boundary passes through the middle of
Choctaw County and across southern Montgomery and northern
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Attala Counties and then swings southwestward into Holmes County.
Large quantities of water that is of good quality, except for
excessive iron content in some places, are available from sands of
the Wilcox Formation (considered a group by the State Geological
Survey) and the Claiborne Group of Tertiary age and, in the eastern
part of the region, from deeper sands of Cretaceous age beneath
the fine-grained sediments of the "unfavorable belt." The "loess
bluffs" east of the Delta occupy the western part of the region. The
region includes large parts of the outcrop areas of the artesian
aquifers tapped beneath the alluvium in the Delta.
The pumpage in 1960 was only about 8 mgd, and there are no
problems of overdraft, and also none of pollution of ground water.
Except for iron content in some places, the quality of the ground
water is good. There are few large towns or industries, and large
quantities of ground water remain for development, especially in
the western part of the region where multiple-aquifer well fields
could be developed. Much of the surface runoff is stored in four
large flood-control reservoirs along the west edge of the region, and
some of the water would be available for industrial or other uses.
Additional information on the yield of small streams would be
useful.
UPPER BASINS OF THE PEARL AND BIG BLACK RIVERS

The upper basins of the Pearl and Big Black Rivers cover a part
of central and south-central Mississippi. The lower part of the
region, which includes the downstream part of the Pearl River
basin except for the portion in the lower Coastal Plain in Pearl
River and Hancock Counties, Miss., and Washington and St.
Tammany Parishes, La., takes in all or parts of 13 counties generally
south of Madison and Scott Counties. It includes the Jackson area
in its northwestern part. The principal aquifers are sands of Oligocene, Miocene, and Pliocene age, except in the Jackson area. In
that area the Sparta Sand and Cockfield Formation of Eocene age
are within feasible drilling depth because of structural doming of
the strata, and the younger sands are missing or thin.
The upper part of the region includes the upper basins of the
Pearl and Big Black Rivers east of the Delta. It includes all or substantial parts of nine counties and small areas in a few others. The
principal aquifers are sands of the Wilcox Formation and the Claiborne Group. The Cretaceous sands are less important than in the
north-central region but are tapped by some wells in the northeast,
adjacent to the Cretaceous belt.
Ground-water supplies are generally adequate, and much water
remains for development. The total pumpage in 1960 was about 28
mgd. Water levels in the Jackson area have declined 1.5 to 2 feet
per year in recent years because of heavy pumping for industrial

452

ROLE OF GROUND WATER IN NATIONAL WATER SITUATION

and suburban use. The public water supply of Jackson, about 15
mgd, is obtained from the Pearl River except for about 1 mgd
pumped from wells. The public supplies of several suburbs are
obtained from wells. A reservoir under construction on the Pearl
River north of Jackson will provide additional surface water for
municipal and industrial use, and the pumping of ground water in
the Jackson area may become stabilized or even decline.
Additional geologic information on the southern and extreme
northern parts of the region would be helpful in promoting groundwater development, as not enough is known in detail about the
aquifers to permit maximum exploitation of the ground-water
resources.
LOWER MISSISSIPPI RIVER REGION

The lower Mississippi River region includes all or large parts of
11 counties east of the Mississippi, south of the Delta, and west of
the Pearl River basin. It includes the lower basin of the Big Black
River. The pumped aquifers are sands of Oligocene, Miocene, and
Pliocene age. Alluvium of probable Quaternary age along the Mississippi River furnishes about 40 mgd to a pulp mill at Natchez and
is a potential source for other large supplies.
Ground-water supplies are generally adequate, and large quantities
remain for development. The total pumpage in 1960 was about 56
mgd. There are local problems of ground-water quality.
EAST-CENTRAL REGION

The east-central region is south of the Cretaceous region, north of
the 6 "coastal counties," and east of the Pearl River basin. It includes
all or substantial parts of 13 counties and small areas in a few
others. It is largely in the upper part of the Pascagoula River basin.
The chief aquifers are sands of the Wilcox Formation and Claiborne
Group of Eocene age in the northern part and sands in the Catahoula, Hattiesburg, and Pascagoula Formations of Miocene age in
the southern. The Citronelle Formation is important in the southern
part of the area as the source of water for thousands of domestic
wells. Being permeable, and lying at the surface in the uplands, the
Citronelle absorbs large quantities of rainfall and feeds it slowly
and regularly to the streams, giving them unusually large and wellsustained base flows, especially in Covington, Lamar, Forrest, Perry,
and Greene Counties.
Large quantities of ground water of good quality are available.
The total withdrawal in 1960 was about 35 mgd. There is a very
slow decline in the water levels of the artesian aquifers (Eocene and
Miocene), due in part to the discharge of flowing wells in the valleys
of the main stems and larger tributaries of the Leaf and Chickasawhay Rivers, which join to form the Pascagoula River at the
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south edge of the region. There are local problems of water quality
in the Citronelle Formation.
Detailed geologic and hydrologic studies are needed to assist future
ground-water development. Even the information on sources and
amounts of water withdrawn for municipal and industrial supplies
is incomplete.
LOWER COASTAL PLAIN

The lower Coastal Plain includes the six counties lying generally
south of the 31st parallel and forming the southern extension of
Mississippi. The region is the largest to be covered in substantial
detail by a ground-water study describing all the aquifers (Brown
and others, 1944). The Delta is larger, but the principal report published to date (Brown, 1947) describes only the artesian water.
The region is underlain by a thick section of southward-dipping
strata of Cretaceous and Tertiary age, mantled by the Citronelle
Formation which, in turn, is mantled in most of the three southern
counties by Pleistocene terrace deposits. In all the formations, watertable conditions exist in the outcrop belts of the water-bearing sands,
and artesian conditions exist downdip. In the northern counties the
Citronelle is the chief source for shallow domestic wells; in the southern counties the Pleistocene deposits serve a similar function. Many
flowing wells a few hundred feet deep tap the Graham Ferry Formation of Pliocene age and the Pascagoula Clay of Miocene age.
Deeper sands in the Pascagoula Clay and in the underlying Hattiesburg Clay, also of Miocene age, are tapped by both flowing and nonflowing artesian wells. The flowing wells are chiefly in the southern
counties and in the Pearl and Pascagoula River valleys. Below the
Hattiesburg is the Catahoula Sandstone, also of Miocene age, which
contains fresh water in its upper part in the northern part of the
region.
The salinity of the water in the artesian sands increases southward, but in general the shallower the sand the farther south is
the boundary of saline water.- Thus, as shown by the recently completed study of the Pascagoula area, the Citronelle, the Graham
Ferry, and the upper part of the Pascagoula contain fresh water all
the way to the coast and for some distance beyond (Brown and
others, 1944, p. 39-57). The Catahoula contains saline water in its
lower part even in the northern part of the region, and toward
the coast the saline-water boundary moves upward into progressively
younger strata of the Hattiesburg and Pascagoula.
Use of ground water in the region has increased rapidly since
1950. The total withdrawal in 1960 was about 43'mgd. The water
levels in the principal aquifers have been declining about 1 foot
per year in the western part of the region, and about 2 feet per
671316 O 63
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year in the eastern part, where the aquifers are thinner and less
productive and the withdrawal is greater. No salt-water encroachment has been reported, but the shallowest, unconfined aquifers may
be affected within a few years if their development continues to
increase. There is local pollution of both surface water and shallow
ground water. There is some waste of water from uncontrolled
flowing wells, as there is in other flowing-well areas in Mississippi
and elsewhere in the Coastal Plain.
Considerable hydrologic information is available on the eastern
part of the region, especially the Pascagoula area where the study
completed recently covers Jackson and George Counties. Information on the western part needs to be brought up to date. Additional
work is needed in the whole coastal strip on the possibility of saltwater encroachment in the shallow aquifers.
The aquifers along the coast have limited potentialities for further development, but inland several miles the Miocene aquifers
have scarcely been touched. Population and industry are growing
rapidly. Consideration is being given to the use of water from
small upland streams, which have high base flows because of groundwater discharge from the permeable surficial sediments that cover
much of southern Mississippi. The potentialities of these streams
need to be studied further. The Pascagoula River is an obvious
source of water, but to avoid natural salinity and mamnade pollution
it would be necessary to go some distance upstream, the distance
depending on the quality requirements for the intended use.
Prospects for additional development of ground water are better
in the western part of the region, where supplies are naturally larger
and development to date is less. The Pearl River and smaller
streams also are possible sources.
Declines in artesian head would be slowed if discharge of unused
water from flowing wells could be reduced.
YAZOO DELTA

The Yazoo Delta is the broad segment of the Mississippi Alluvial
Plain section of the Coastal Plain province in Mississippi. The
Delta covers about 7,000 square miles, beginning on the south at
Vicksburg, where the Mississippi flows against the bluffs, widening
to about 70 miles in the middle, and then narrowing to 10 miles
at the Tennessee line and to nearly zero at Memphis.
The Delta is one of the most productive ground-water areas in
the United States. Artesian sands of Tertiary age (Brown, 1947)
supply flowing wells throughout the region, except locally where
the head of a particular aquifer has been drawn below the land
surface by heavy pumping. The artesian aquifers yielding fresh
water are of Eocene age and include sands of the Claiborne Group
above and the Wilcox Formation below (Mississippi Board of Water
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Commissioners, 1960, p. 19-25, section A-A'). The Jackson Group
of Eocene age, above the Claiborne and below the Quaternary alluvium in parts of the Delta, is mostly clay and yields little water in
Mississippi (idem, p. 51). In the northern part of the Delta, at
the latitude of Clarksdale in Coahoma County, fresh-water-bearing
sands extend as deep as 1,500 feet below sea level at the east edge
of the Delta and more than 1,800 feet below in the western part
(BrowYi, 1947, p. 36-37, pis. 4, 6). To the south, at the latitude of
Greenville in Washington County, potable water extends to depths
of about 1,400 feet near the east edge of the Delta and 2,000 feet
or more near the west edge (idem, pis. 10, 11). In the Yazoo City
area, in the southeastern part of the Delta, fresh-water-bearing
sands extend to depths of 2,300 feet or more in some places.
The artesian sands furnish most of the water used for municipal
and industrial supplies, as well as most water for domestic use.
About 82 mgd was withdrawn from these sands in 1960. Water
levels are declining half a foot to a foot and a half per year, owing
in part to the discharge of unused water from flowing wells.
Brackish water is present in the upper part of the Tertiary in a
small area in the west-central part of the Delta. Excessive iron
and moderately excessive fluoride concentrations are a problem in
substantial areas. Otherwise, the artesian water is of good quality
(Brown, 1947, p. 31-33, 65-72), except that much of it is too soft
(too high in proportion of sodium) to be satisfactory for irrigation.
Even more productive than the Tertiary sands is the Quaternary
alluvium. The alluvium is as much as 225 feet thick and in 275
scattered wells averaged 120 feet, of which the sand and gravel
making up the lower part averaged 96 feet (idem, p. 54). A greater
average thickness of 140 feet is indicated by records of the many
wells drilled between the time of Brown's report and 1955 (Harvey,
1956b, p. 7). The water is generally hard and iron bearing and is not
well suited for domestic use, but it is satisfactory for irrigation of
most crops and for industrial cooling and is used mostly for those
purposes. (But see the discussion of rice irrigation in the Arkansas
section, (p. 172).) Nearly 1,000 irrigation wells were drilled by
the end of 1955, and many more have been drilled since. The wells
typically yield 1,500 to 2,000 gpm' and some yield 3,500 gpm or even
more. The development is greatest in Bolivar and Washington
Counties, where most of the water is used for irrigating rice. The
pumpage for irrigation in the Delta in 1960 is not known exactly,
but it constituted the largest part of the State's estimated total of
320 mgd of ground water pumped for irrigation.
Ground water in the Quaternary alluvium is rather generously
replenished from rainfall each year, and only in a few places such
as around industrial plants have water levels declined persistently,
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owing to heavy pumping of closely spaced wells. In the greatest
part of the Delta, and especially outside the localized areas of
heaviest pumping in Bolivar and Washington Counties, very large
quantities of shallow ground water remain to be developed.
Additional information is being collected on all phases of groundwater hydrology: identification and correlation of the Tertiary
water-bearing strata from place to place, data on withdrawals of
both artesian and shallow ground water and on quantities of artesian
water discharged unused from flowing wells, variations in quality of
water and their causes, relation of the ground water to surface
water, and the perennial yield of the different aquifers.
PROBLEMS, PROSPECTS, AND NEEDS

The preceding descriptions of areal situations show that, like
Louisiana, Mississippi has some problems even though the total water
supply is very large. Its problems at present are somewhat less
serious than those of its sister State, however, because a larger part
of it is underlain by fresh-water aquifers; it has little need to worry
about pollution from upstream sources except in the Mississippi.
Except for the water received in the Mississippi the State receives
little water from outside sources and hence need not be concerned
about the depleting effect of upstream developments; and its largely
agricultural economy means that its water demands are fairly well
distributed rather than concentrated.
Increasing industrial development, desired for the economic benefits it will bring, will increase the number and severity of local water
problems but will also provide the economic base for solving the
problems. Full-scale irrigation in the Delta will continue to increase
and may lead to more problems of areal overpumping, but as yet
there are no signs of problems of the magnitude of those in southwestern Louisiana and in Arkansas' Grand Prairie. Floods and
growing-season shortages of surface water will continue to cause
difficulties. The effects of the latter will be reduced by growth in
the practice of supplemental irrigation with well water. The State
expects its total irrigated area to increase from its present threequarters of a million acres to 10 times that amount in the next half
century (State Officials, 1960, p. 181). The expected water requirement is 10 to 12 million acre-feet per year, showing that for most
of the irrigated area the requirement will not be more than a foot
or so per year/ The relatively modest quantities of water needed
to meet such a demand are widely available from wells or, in favorable areas, from streams.
Even domestic supplies of ground water will continue to be difficult
to get in parts of the belt of tight sediments at the boundary between
the Cretaceous and north-central regions. An expanding economy
and rising standard of living will make it possible to solve this
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problem to some degree through such means as the drilling of deep
wells into the Cretaceous aquifers below the poorly productive
strata, or the establishment of community water systems using wells
or surface sources whose cost is beyond the means of individual
families.
Stream pollution is a problem, but substantial progress has been
made under the Federal Pollution Control Act and the State feels
that the problems are on the way to solution (idem, p. 178).
Now that rights can be established to consumptive use of surface
water and use on nonriparian land, there has been encouraging
progress in surface-water projects that were not feasible before the
law was changed in 1956. The State (idem, p. 177-178) cites two
such developments, including the forthcoming construction of a
320,000-acre-foot reservoir on the Pearl River north of Jackson
by the recently created Pearl River Valley Water Supply District.
The construction will be financed by sale of bonds, which will be
paid off by sale of the water or charges for its use. The reservoir
is expected to attract substantial industrial growth in its service
area. The State believes that such developments are evidence of
its ability to handle its water problems, with such technical and
financial assistance from the Federal Government as may be made
available under existing or future laws. Comprehensive soil and
water-use studies are underway in cooperation with Federal agencies,
and the State hopes to expand the cooperative water-resources
investigations (idem, p. 178; Mississippi Board of Water Commissioners, 1958, p. 44). The latter step is much needed, as can be
inferred from statements about informational deficiencies in the
preceding areal descriptions.
In Mississippi, as in adjacent Southern States, it appears that
State officials are alert to the promise of economic progress made
possible by abundant water resources and are determined to take
the steps necessary on their part to make the promise come true.
MISSOURI 7
Large water supply and few critical problems at present. Precipitation about
35 inches in northwest to 45 in southwest and averages close to 40. Runoff
from about 3 inches in northwest to a little more than 20 in part of southeast
and averages about 11 for total of 36 bgd. State has access to Mississippi
along eastern border; Missouri River brings in substantial supply but one the
State considers somewhat uncertain. Glacial drift yields small to large supplies of water in northwestern part; Paleozoic rocks furnish small yields in
northeastern and west-central parts and moderate to large yields in southern
part, where large springs issue from dolomite and limestone; alluvium along
7 Based largely on a report prepared by H. N. Halberg and J. W. Stephens from
data supplied by Thomas R. Beveridge, State Geologist, and Dale F. Fuller, senior
geologist, Missouri Division of Geological Survey and Water Resources; and on a
paper by Anderson and Grohskopf (1946).
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Missouri and Mississippi yields moderate to very large supplies; sediments of
Mississippi Embayment of Gulf Coastal Plain in extreme southeast yield
moderate to large supplies. Water use in 1960 about. 2,000 mgd, 194 mgd
fresh and 3 mgd saline ground water and 1,800 mgd fresh surface water; use
largely nonconsumptive. Problems similar to those in other Midwestern
States floods, droughts, and, in some areas, difficulties in obtaining water of
acceptable quality; latter problem especially acute in substantial areas in
north and west center where glacial drift is thin, permeable alluvium is absent,
and bedrocks contain saline water. State's chief expressed concern is over
uncertainty- of outcome of conflict between upstream and downstream interests
on Missouri Biver. General outlook good for meeting State's future water
needs.

Missouri is a partly glaciated Midwestern State underlain predominantly by Paleozoic rocks. The State is substantially above
average in total water supply. It reflects strongly, in comparison
with physiographically and geologically similar Iowa just to the
north, its more southerly position nearer the Gulf of Mexico. Iowa's
precipitation ranges from about 25 inches in the northwest to about
35 in the southeast and averages perhaps 31; Missouri's is about
34 to 36 in the northwest and about 45 in the southeast and averages
close to 40. The increase of about a third in average precipitation
is reflected in an increase of more than one and third times in
runoff, from 4.6 to 11 inches. Missouri's somewhat larger size, as
well as considerably greater runoff, contributes to the difference
between Iowa's total of 12 bgd and Missouri's 36.
Most of Missouri is divided between the Glaciated and Unglaciated
Central ground-water regions. The glacial boundary lies roughly
along the Missouri River. The northern and slightly smaller
glaciated "half" of the State is in the Dissected Till Plains section
of the Central Lowland physiographic province; the larger southern
part is almost entirely in the Springfield-Salem plateaus section of
the Ozark Plateaus province. The southeasternmost part, including
the southern extension known as the Bootheel, shares with adjacent
Illinois and Kentucky the north end of the Mississippi Embayment
of the Gulf Coastal Plain.
Nearly all the State is underlain by rocks of Paleozoic age. These
dip radially off the Ozark uplift in the southeast, and so in Missouri
they dip mostly westward to northward. In the center of the
uplift, in the southeastern part of the State about 100 miles south
of St. Louis, Precambrian rocks of the "basement complex" crop
out from beneath the Paleozoic in patches totaling a few hundred
square miles. Along the flanks of the uplift, in roughly the southeastern half of Missouri, Cambrian and Ordovician rocks crop out;
they consist mostly of dolomite but include some limestone, sandstone,
and shale. At the top of this sequence in places is thin limestone,
dolomite, or sandstone of Silurian or Devonian age, or thin clayey
sediments of Pennsylvanian age. Most of the Silurian and Devonian
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rocks present farther north are missing because they either were
not deposited this far south or were eroded away. Above the
imaginary gap, or "unconformity," represented by the missing
rocks are thick strata of Mississippian and Pennsylvanian age which
form the bedrock in the southwestern, western, and northern parts of
the State. The Mississippian rocks consist largely of limestone,
much of it containing the quartz nodules called "chert," and include
some shale and a little sandstone. They crop out or are covered
by glacial drift in an area of several thousand square miles on the
north flank of the Ozark uplift and crop out in an area of similar
size on the west flank. The Pennsylvanian rocks lie at the surface or
beneath the drift in roughly the northwestern third of the State
and in patches in the southwestern part. They consist in the lower
part mainly of shale and sandstone and in the upper part of shale
and limestone and some sandstone and a little coal.
The glacial drift extends southward roughly to the Missouri
River. In fact, along a considerable part of its course the Missouri
marks the approximate limit of the invasion of ice from the north,
showing that, in effect, it was "shoved" to where it is by the ice.
Only in eastern Nebraska and northeastern Kansas and in some
areas in North Dakota and Montana does the drift extend southward
or southwestward more than a few tens of miles beyond the present
course of the river. In Missouri the boundary is south of the river
from Kansas City eastward to the south end of what might be
called the "Big Bend" of the river between Marshall and Boonville.
It then crosses over and runs along the north edge of the valley
to a point directly west of St. Louis, where it crosses again and
runs southeastward to the Mississippi and thence runs downstream
along the river or across the river in Illinois.
GROUND-WATER STUDIES

Geologic background information on Missouri is given in a large
number of reports of the Missouri Geological Survey and several of
the Federal Survey going back many decades. The State Survey
(now the Missouri Division of Geological Survey and Water
Resources) has gathered a large amount of information on ground
water and has placed it in the open files, but to date has been able
to publish only a small part of the information. Information on
ground-water conditions and prospects in specific areas can be
obtained by writing to the Division at Rolla, Mo.
A general description of ground water in Missouri is found in
U.S. Geological Survey Water-Supply Paper 102 (Shepard, 1904,
p. 389-440). The same author (1905) described the springs of the
Decaturville dome in Camden County, and Smith (1905) described
the water resources of the Joplin district. The most recent report of
substantial size describing ground water in the whole State is that
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by Shepard (1907). The artesian ground water of the southeastern
part of the State was described by McCoy (1913). Hinds and Greene
(1917) described the geology and mineral resources, including ground
water, of the Leavenworth and Smithville quadrangles in Kansas
and Missouri.
Eodhouse (1920) described the springs and streams of southeastern
Missouri. The large springs were described by Meinzer (1927a, p.
17-27) and later, in more detail, by Beckman and Hinchey (1944).
Wood (1942) describes flood flow in Missouri's streams, which in
places, especially in the southeast, is affected to some extent by
ground-water storage in cavernous limestone. Hydrologic features
related to springs in the Ozarks were discussed by Dake and Bridge
(1924) and Bridge (1924).
A brief but excellent description of ground water in Missouri is
presented by Anclerson and Grohskopf of the State Survey (1946).
An undated map, issued during the late 1940's or the 1950's by the
Missouri Division of Resources and Development and based on
information supplied by the Missouri Division of Geological Survey
and Water Resources, the State Division of Health, and the U.S.
Geological Survey, shows the general availability of ground and surface water at a scale of 1:750,000. Maps compiled by Lohman and
Burtis (1953a, b) show areas covered by ground-water reports and
general availability of ground water in the Arkansas River basin,
which includes a strip of southern Missouri 2 or 3 counties wide
extending as far east as the Bootheel. General descriptions of the
water resources of the two principal metropolitan areas are presented
by Searcy and others (1952), for the St. Louis area, and Fishel and
others (1953), for the Kansas City area. A brief report by Bedinger
and Sniegocki (1962) discusses ground-water problems in Missouri.
The subsurface geology of the Mississippi Embayment in southeastern Missouri is described in a report by Grohskopf (1955) which
includes a section on ground water.
In the last few years the State Division of Geological Survey and
Water Resources has published brief descriptions of water possibilities
in the glacial drift in the area, in northwestern Missouri, where the
drift is locally thick and productive enough to constitute an important source for supplies larger than domestic. Individual 6- to
19-page reports prepared by two to five of a group of six authors
including Dale L. Fuller, James Martin, J. R. McMillen, Harry
Pick, W. B. Russell, and Jack S. Wells cover 15 counties Andrew,
Buchanan, Carroll, Chariton, Daviess, De Kalb, Gentry, Grundy,
Harrison, Linn, Liviiigston, Mercer, Putnam, Sullivan, and Worth
(Fuller and others, 1956-57). These are identified in lists, but are
not marked, as Ground Water Reports 1 to 15. In 1959 and 1960
preliminary reports on ground water in three additional counties
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where glacial drift is important Atchison, Holt, and Nodaway
were published as Ground Water Keports 16 to 18. The reports
contain maps showing the areas most favorable for ground water,
among which the most important generally are surficial or buried
valleys containing glacial outwash.
GROUND -WATER RESOURCES

Ground water in quantities adequate to supply domestic and
farm needs in Missouri's largely agricultural (but mostly nonirrigational) economy is widely available at modest depth and cost.
Hence, it is an important even if unobtrusive resource throughout
the State. In the moderate to large quantities needed for municipal
and industrial uses and, where needed, for supplemental or even
ful-scale irrigation it is available in areas which add up to a small
but nevertheless significant percentage of the State's total area.
Total water use in the State, including that for fuel-electric
power but not hydropower, was about 2,000 mgd in 1960, about
1,800 mgd of fresh surface water (1,300 for public-utility fuelelectric power) and 194 mgd of fresh and 3 mgd of saline ground
water. Water withdrawn for public supply included 370 mgd of
surface water for 2,300,000 people served by 74 systems and 49 mgd
of ground water for 460,000 people served by 255 systems. The
suburban and rural residents making up the rest of Missouri's
4,300,000 people used about 58 mgd of surface water and 69 mgd
of ground water for domestic needs. Industries used about 1,400
mgd of fresh surface water and 56 mgd of fresh and 3 mgd of
saline ground water. Irrigation accounted for about 7.6 mgd of
surface water and 20 mgd of ground water, applied to 41,000 acres
most of which obviously received supplemental rather than primary
supplies of water by irrigation. About two-thirds of the ground
water used for irrigation was pumped in the Mississippi Embayment (Bootheel and adjacent area). Hydropower use was about 13
bgd.
Large quantities of ground water are used in several urban areas
for industrial, commercial, and domestic supply. These include
Columbia, where the public supply is obtained from wells in bedrock; Springfield, where springs and wells yielding water from
bedrock furnish about three-fourths of the public supply; and
Kansas City, St. Joseph, and Joplin, where the public supply is
surface water but much ground water is pumped for other uses.
The pumpage of ground water in the Kansas City area was about
88 mgd as of 1951 (Fishel and others, 1953, p. 46) and was probably
greater in 1960; nearly all the water came from alluvium. Wells in
St. Joseph also draw from alluvium; those in Joplin tap water in
bedrock.
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St. Louis, the largest metropolis in the State, is not a "groundwater city." Shallow wells in bedrock there yield little water, much
of which is contaminated; deeper wells yield saline water. The
Mississippi Biver bottoms underlain by productive alluvium are
very narrow within the city itself. The municipalities of Kirkwood
and Valley Park use ground water for public supply (Searcy and
others, 1952, p. 51); there are many suburban domestic wells, but
few industrial or commercial wells. The Illinois side of the river
is a different story; there, millions of gallons a day of ground water
is pumped, mostly from alluvium, for industry and public supply.
Missouri has been divided into four principal ground-water provinces (Anderson and Grohskopf, 1946). A further subdivision to
recognize the St. Francois Mountain area as hydrologically somewhat different from the adjacent parts of the Ozark Highlands is
to be incorporated in a forthcoming publication of the Missouri
Division of Geological Survey and Water Kesources (T. K. Beveridge, State Geologist, written communication, 1962).
The first of the four provinces of Anderson and Grohskopf is the
area of relatively thick and productive glacial drift, underlain by
Pennsylvanian rocks, in north-central and northwestern Missouri,
most of which is described in the State Geological Survey's Ground
Water Keports 1 to 18. The second includes the northeastern area
of thin glacial drift north of the Missouri Biver, underlain principally by Mississippian but partly by Pennsylvanian rocks; and
the area in west-central Missouri south of the glacial border underlain by Pennsylvanian rocks. The third includes the Missouri part
of the Mississippi Embayment in southeasternmost Missouri, underlain by Cretaceous and Tertiary sediments; and the flood plains of
the Mississippi and Missouri Rivers and their principal tributaries,
underlain by Quaternary alluvium. The fourth includes the Ozark
highlands, underlain by rocks of Precambrian to Pennsylvanian
age; and southwestern Missouri, underlain by Mississippian rocks
capped in small areas by relatively thin Pennsylvanian rocks.
NORTH CENTRAL-NORTHWESTERN AREA

The north central-northwestern area is underlain by glacial drift
Avhich consists of relatively thin till in the uplands and locally of
relatively thick glacial outwash in buried valleys. The drift-filled
valleys may, but generally do not, coincide with modern valleys.
That is, most of the buried valleys were filled and then covered over
by drift and do not show up at the present land surface; such valleys
are revealed by drilling or by geophysical surveys.
The drift in the valleys is commonly 150 to 250 feet thick and
locally more than 400. It may be productive or relatively unproductive, according to whether it includes substantial glacial outwash
or consists simply of unsorted drift "bulldozed" into the valleys by
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the glaciers. The maps in the State Survey's Ground Water Reports
1 to 18 show the relatively productive and unproductive areas in
both uplands and valleys in the counties they cover, as revealed by
the records of test holes and wells.
According to Greene and Trowbridge (1935) and to the maps
in the State's Ground Water Reports 1 to 18, there are two main
buried valleys. The stream that formed the northern one entered
Atchison County in Missouri from Fremont County in Iowa; it was
one of those in the Nishnabotna River valley mentioned on page
337 in the Iowa section. It flowed southward into Holt County
and then eastward and northeastward to Albany in Gentry County,
where it turned southeastward and flowed across southwesternmost
Harrison County and Daviess County, turned nearly eastward
across Livingston County, and then flowed southeastward across
southwesternmost Linn County and southward in western Chariton
County to the present Missouri River valley at the north tip of
Saline County. Thence it flowed along the present valley to the
mouth of the Lamine River in northwestern Cooper County. 'The
southern river entered Missouri at Kansas City and flowed eastward
along the present Missouri River valley to the west edge of Saline
County. There, instead of following the present course of the
river which turns northeastward, it cut southeastward across Saline
County, passing through Marshall, entered Cooper County, and
flowed to the site of the Lamine River and turned northeastward
along the present course of the river to join the northern river
near Blackwater, Cooper County. The joint stream then flowed
the rest of the way across Missouri along the present course of the
Missouri River.
Tributaries of the two main buried valleys have been located in
all the other counties in northwestern Missouri; but in some, such
as Clinton and Ray Counties, the known buried valleys are short
and hence not very important. Not all the productive drift is in
the buried valleys, however. Some of it consists of surficial or
buried outwash deposits in areas of relatively thin drift. Also, as has
already been pointed out, some of the drift in the buried valleys
is not very productive.
In most of the area water sufficient for domestic use can be
obtained readily from the glacial drift or from alluvium along
present-day streams, which is fortunate because the Pennsylvanian
bedrock yields only small amounts of water, most of it rather
highly mineralized. Wells in the thin drift mantling the bedrock
in the uplands generally yield 15 gpm or less. Wells in the sand
and gravel deposits of the buried and present-day valleys yield
as much as 100 to 500 gpm.
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NORTHWESTERN AND WEST-CENTRAL AREAS

The northeastern and west-central areas make up the most poorly
productive ground-water province in Missouri. The glacial drift in
the "northeastern area is thin and only locally productive. The
Mississippian and Pennsylvanian bedrocks of the northeastern area
and the 1 Pennsylvanian of the west-central area yield small supplies
of potable, but hard and moderately mineralized, water to wells less
than 500 feet deep. Larger quantities of saline water can be obtained
from deeper wells.
MISSISSIPPI EHBAYHENT AND ALLUVIAL VALLEYS

The Mississippi Embayment, which includes the Bootheel and
the adjacent area on the north and totals about 2,800 square miles,
is underlain by Cretaceous and Tertiary sediments ranging in total
thickness from 0 at the northwest edge to more than 2,000 feet at
the southeast. These sediments and the Quaternary alluvium along
the Mississippi make the Embayment the most productive groundwater area in the State. The Cretaceous sediments consist mostly
of poorly cemented sandstone and yield as much as several hundred
gallons per minute of generally soft, iron-free water to wells ranging
in depth from 500 feet in the northwestern part of the area to 2,000
feet in the southeastern. The water is much in demand for public
supply. Some of the wells on low ground yield water by natural
flow. The lower part of the Tertiary consists of clay, shale, and
limestone and yields virtually no water. The upper part consists of
poorly cemented sandstone and yields as much as 500 gpm of
moderately hard water that is high in iron to wells ranging in ^depth
from 200 feet in the northwestern part, of the area to 1,300 feet in
the southeastern.
The Quaternary alluvium of the Mississippi, which lies not only
along the present river but covers the Tertiary sediments in nearly
all the Mississippi Embayment area, yields as much as 4,000 gpm,
and commonly 1,000 to 2,000 gpm, of moderately hard water
that is rather high in iron. The wells are mostly less than 150
deep feet. This is the water generally used for irrigation.
The alluvium along the Mississippi River both in and upstream
from the Mississippi Embayment consists largely of glacial outwash,
and in areas upstream from the Embayment it is probably capable
of yields as great as it is in the Embayment, though existing wells
are generally pumped at lower rates. The valley of the Missouri
River and the valleys of some of the tributaries entering the Missouri
from the north contain glacial outwash from which wells obtain
moderate to large yields. Elsewhere, the alluvium of tributaries
of the Missouri and Mississippi is probably of moderate rather than
high productivity.
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OZABK HIGHLANDS AND SOITTHWESTEKN AREA

The Ozark highlands are underlain by rocks of Precambrian to
Pennsylvanian age and the southwestern area by rocks of Mississippian age capped in small areas by thin rocks of Pennsylvanian age.
The Precambrian rocks include some aquifers capable of small yields.
The Paleozoic rocks, except for the Pennsylvanian, consist largely
of dolomite and limestone in which solutionally enlarged fractures
carry small to very large quantities of water. The Pennsylvanian
rocks consist mostly of shale and sandstone and are not very
productive.
The Cambrian and Ordovician are the source of the largest
springs in Missouri and some of the largest in the United States.
Big Spring, near Van Buren in Carter County, flowed an estimated
840 mgd in wet weather in June 1928 and averaged 252 mgd in a
period of record including 1923-26 and 1929 43 (Beckman and
Hinchey, 1944, p. 56). Greer Spring near Alton in Oregon County
averaged 214 mgd in 1922 43 (idem, p. 81). Mammoth Spring
just across the Oregon County line in Fulton County, Ark., is intermediate in flow between Big and Greer in Missouri, The largest 15
springs in Missouri range in average flow from about 65 to 252 mgd
(idem, p. 16, pi. 2) and total about 1,700 mgd, which gives some
idea as to how the ground-water recharge is concentrated into
channels in what is essentially an underground drainage system in
the cavernous dolomite and limestone. The total yield of the
springs in the Ozark highlands is estimated to average 2,100 mgd,
about one-seventeenth of the total runoff within the State. Most
of the water is unused.
The springs vary considerably in flow, but the largest still have
well-sustained low flows showing that ground-water storage in the
dolomite and limestone is substantial. For example, the minimum
flow of Big Spring recorded in the period 1923-26 and 1929-43 was
164 mgd in July 1936 (idem, p. 56), and that of Greer Spring in
1922-43 was 75 mgd in August and September 1936 (idem, p. 81).
Obviously, a well that happened to enter one of the main channels
feeding such a spring would have a yield limited by hole size and
pump capacity rather than by productiveness of the aquifer. Few
wells strike such large water-filled cavities, however, and the typical
range in yield of wells 1,000 to 1,500 feet deep in the province is
125 to 700 gpm.
PROBLEMS, PROSPECTS, AND NEEDS

Perhaps the principal ground-water problem is the shortage,
especially in dry weather, of water of good quality in large areas of
northern and west-central Missouri where glacial drift and alluvium
are absent, thin, or clayey and the bedrock contains saline water.
Desalination of the water from the bedrock underlying these areas
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is looked to as a possible means of solving this problem, if economical
techniques can be developed (T. R. Beveridge, written communication, 1962).
Other regional problems include drought and floods, which affect
Missouri as they do other Midwestern States.
Other problems relating to ground water are generally not critical. Local problems include contamination of water of good quality
in a dolomite of Ordovician age by waste water of poor quality from
zinc and lead mines in the Mississippian rocks above, which enters
the deeper rocks through leaky wells. The problem can be overcome
by casing deep wells carefully through the Mississippian rocks and
by repairing or plugging defective wells.
Ground water of good mineral quality is difficult to obtain in the
St. Louis area, and improperly cased or abandoned wells leaking
poor-quality water into potable-water aquifers are a threat to such
good wells as do exist.
The ground-water supply of Springfield was inadequate for a
time because of overpumping of the city's well field. New wells some
distance away have enabled reducing the draft on the old well field,
and water levels now have ceased to decline.
To get ground water of good bacteriological quality in some
places in the Ozark highlands requires extra care and expense in
casing wells through shallow cavernous zones to which polluted
surface water gains easy entrance. In some localities all the fresh
ground water is polluted, and if the water is to be used for domestic
supply it must be chlorinated. Chlorinating the water of private
domestic wells is becoming simpler and less expensive than it used
to be, through the introduction of small automatic devices which
did not exist a decade or two ago. Chlorination has always been a
fairly simple task where larger quantities of water are pumped
for municipal and industrial use.
Excess nitrate content in ground water is a problem in substantial
areas. It has caused a few cases of methemoglobinemia ("blue baby"
disease) and has even caused the death of farm animals. The
nitrate may be derived from sanitary wastes and may indicate the
possibility of bacterial pollution, or it may be derived from fertilizer.There is no simple way to remove it from water. Until research
produces an answer, which it surely will if the problem becomes
widespread enough, the solution is to prepare babies' formulas with
water known to be low in nitrate content.
Local and regional problems such as these are common in many
States besides Missouri, and they cannot be considered as posing a
fundamental threat to Missouri's water future, annoying as they are.
The general prospects are promising. Large quantities of ground
water remain for development in the more favorable localities in
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the glaciated north central-northwestern part of the State, along the
Missouri and Mississippi Eivers and some of their principal tributaries, in the Mississippi Embayment, and in the Ozark highlands
where much of the spring flow is unused. Even in the St. Louis
area, large quantities of ground water can be obtained by going
where the water is; the nearest sizable area of productive alluvium
is the Columbia Bottoms at the mouth of the Missouri Eiver just
north of the city.
Obviously, much of Missouri's surface water remains to be developed, when less than 2 bgd is being used much of it from flow that
is received from upstream in the Missouri and Mississippi and is
not even counted in the 36 bgd of the State's own runoff.
The State in its report to the Senate Select Committee on National
Water Eesources (State Officials, 1960, p. 183-184) mentioned none
of the problems listed on preceding pages, showing that it does not
regard them as crucial. Its brief statement related to the uncertainty felt as to the outcome of the longstanding debate between
"upstream" and "downstream" interests on the Missouri Eiver. On
the Missouri, as on similar streams elsewhere, the people upstream
are concerned with water uses, especially consumptive uses such as
irrigation, and with waste disposal. The people downstream, including those, or most of those, in Missouri, are not so concerned over
consumptive uses, for the climate is wetter and irrigation is less
necessary. They are concerned over how much water they will
receive from upstream and in what condition to meet their own
water needs, to carry off their own wastes, and to maintain navigation
which is important to their economy. To assure adequate coordination of investigative and planning activities related to water from
the Missouri Eiver and other sources, the Ylst General Assembly
of Missouri in 1961 established the new Missouri Water Eesources
Board.
Missouri's concern over the water of the river that bears the
State's name is understandable. The river crosses through the middle of the State, and more than half the State's area drains to it.
There is some degree of similar concern over the Mississippi, which
at the northeast corner of the State is only half again as big as the
Missouri at the northwest corner, but potential consumptive uses
upstream are much smaller than they are along the Missouri, and
the mineral quality of the water is better.
Nevertheless, everything considered, Missouri is in reasonably
good shape for water and should remain so for at least some decades.
In view of the growing concern over the Nation's water supply
expressed in the report of the Senate Select Committee, and of the
growing realization of the need for truly effective multipurpose
development of the Nation's great rivers, it is reasonable to expect
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that the problems that now concern Missouri will be worked out
satisfactorily in due time.
MONTANA

Moderately large water supply but very large area and potential water
demand; considerable unused water but large part of it west of Continental
Divide where potential water-supply needs are relatively small and State's
main interest is in securing rights to adequate share of electric power generated by the water. Precipitation from as little as 8 inches in south-central
Plains area to 45 inches and locally more in Rockies; about 13 to 16 inches at
east edge of State; averages about 15 inches. Runoff less than 0.25 inch in part
and less than 0.5 inch in most of eastern half, and as high as 40 inches and
locally more in mountains; averages about 3.8 inches for total of 27 bgd
(30 million acre-feet per year). About 7.4 million acre-feet per year in
Kootenai River and about 0.7 million in Flathead River received from Canada.
About 2.2 million in Yellowstone River and 2.6 million in Bighorn received
from Wyoming. Smaller amounts totaling something less than 2 million acre-feet
per year received from Canada and Wyoming in other streams. Total flow
leaving State about 41 million acre-feet per year. About 1.8 million acres irrigated as of 1960; consumptive use on that area about 2.4 million acre-feet
per year. Area potentially irrigable by year 2010, according to State, includes
55,000 acres along Kootenai consuming 59,000 acre-feet per year, 645,000 acres
in Clark Fork basin consuming 882,000 acre-feet, and about 2 million acres
east of the mountains consuming perhaps 2.5 to 3 million acre-feet. Potential
total may not be attainable by 2010 because of economic considerations, competing uses of water, and waterlogging (or conversion to other uses) of land
now irrigated. Industrial use of water including that for fuel-electric power
about 260 mgd fresh and 1 mgd saline water ; about 46 bgd used for hydropower.
Public-supply and rural withdrawals about 110 and 42 mgd.
Ground water available in large part of Plains area from sandstone of
Late Cretaceous and Paleocene age; substantial supplies from pre-Cretaceous
rocks in places in central part of State; generally small supplies from drift
in glaciated northern third of State; largest supplies from alluvium, including
glacial outwash, in valleys which include those of most of main stem of
Missouri River and upper and lower parts of main stem of Yellowstone River,
several valleys tributary to these, and intermontane valleys in western part
of State. Even small supplies hard to get in substantial areas in Plains and
in much of mountainous area.
Problems listed by State include (1) inadequacies in procedures for acquiring water rights (appropriation doctrine is exclusive), remedied in part by
passage of ground-water law in 1961 after four unsuccessful tries; (2) lack
of a central repository for information on appropriation and use of water;
(3) need for completion of water-use inventory as a part of possible future
defense against encroachment by downstream States; (4) need for more
headwater reservoirs in addition to the large main-stem reservoirs which
benefit mainly downstream interests; (5) pollution of Yellowstone River,
which is being abated; and (6) need for more ground-water information.
State would also like to see lock-type instead of run-of-river navigation of
Missouri, which would enable more effective power generation at Fort Peck
Dam and would improve recreational usability of reservoir.

Montana is a large State fourth largest in the Nation at 147,138
square miles having a substantial water supply of which only a
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small part is now consumed within the State. The State is divided
among the Western Mountain Ranges and Glaciated and Unglaciated Central ground-water regions and between the Northern Rocky
Mountains and Great Plains physiographic provinces. About the
eastern three-fourths is in the Great Plains; the remaining western
part is an area of mountains and intermontane valleys. The area
east of the Continental Divide drains almost entirely into the main
stem of the Missouri River or its tributary the Yellowstone; a small
area drains northward to Hudson Bay. The western part is drained
by tributaries of the Columbia River the Kootenai, which enters
from Canada and flows into Idaho and then back into Canada to
join the Columbia there; and the Clark Fork of the Columbia, which
receives the Flathead River from Canada and numerous tributaries
from Montana and then flows into Idaho. Because the distance to
the Pacific is shorter than the distance to the Gulf of Mexico, the
streams west of the divide have cut to lower elevations than those
east of the divide. The lowest point in Montana is about 1,800 feet
above sea level where the Kootenai enters Idaho; the Plains area
slopes generally eastward from about 4,000 feet near the mountains
to 2,000 to 3,000 feet at the east edge of the State (1,800 feet along
the Missouri where it enters North Dakota), but the slope is interrupted by basins and ranges of hills and mountains of structural
origin.
The Plains area is underlain by a thick sequence of sedimentary
rocks of Paleozoic, Mesozoic, and Cenozoic age. The gentle regional
dip to the east is interrupted by large structural domes and basins
as mentioned above, formed largely during the earth movements
that produced the Rocky Mountains. Rocks of early Paleozoic age
dip steeply at the mountain fronts; the dip of younger rocks is
progressively less steep and that of the late Mesozoic and early
Cenozoic strata that form the upper part of the bedrock in most of
the Plains area is relatively slight.
Bedrock in the northern third of the Plains area, very roughly
north of the Missouri River, is "mantled by glacial drift. Parts
of the valleys of the principal streams that flow across the Plains
are filled with alluvium. The alluvium consists in part of permeable
sand and gravel, including glacial outwash, and in part of finegrained sediments deposited in ponds. Clean water-bearing gravel
is present in the deeper parts of the buried valleys of the Milk River
and of the Missouri River below the mouth of the Milk; it probably
represents stream gravel deposited before the advance of the Pleistocene glaciers. Locally, at a depth of 40 to 60 feet beneath the present
flood plain, is another gravel bed which may be either an interglacial
deposit or glacial outwash, as it lies between glacial deposits.
671316 O 63
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Little glacial material is present in the valleys of the Musselshell
and Yellowstone Rivers, except near the heads of both streams and
along the lower course of the latter.
Alluvium which also consists in part of glacial outwash floors the
more than 20 intermontane valleys of substantial size in the western
part of the State.
The consolidated rocks exposed in the mountains are mostly Precambrian in the northern part of the Kockies within Montana and
Precambrian, Paleozoic, and Mesozoic in the southern part. Volcanic
rocks of Mesozoic and Cenozoic age also are important in the southern part; the youngest are the Quaternary rocks of Yellowstone
National Park and vicinity.
The mean annual precipitation has a wide range, and as in the
rest of the United States the precipitation varies substantially in
the ups and downs of wet and dry cycles. The average is as little
as 8 inches at the south-central edge of the State and is 8 to 12
inches in the middle of the Plains area. It is a little higher, about 13
to 16 inches, at the east edge of the State. It rises in the mountains
to as much as 45 inches at the weather stations but must be much
greater locally at higher elevations. On the basis of the data from
the weather stations it averages about 15 inches in the whole State
(State Officials, 1960, p. 185), but if the precipitation at high elevations were measured and included the average would be somewhat
greater. About two-thirds of the precipitation generally comes during the growing season.
As is usual everywhere and is especially marked in the drier
areas of the United States, the runoff varies much more than the
precipitation. It is less than a quarter of an inch per year in the
central part of the Plains area of Montana, and less than half an
inch in most of the eastern half of the State. It rises southeastward
to about an inch on the northwest flank of the Black Hills uplift
at the southeast corner of the State, and rises westward into the
foothills and mountains. It is 5 to 20 inches in much of the mountainous part of the State and is 40 inches and locally more along
the crest of the Bitterroot Eange in the northern part of the stretch
where that range forms the Idaho boundary. It is highest in the
small area in the northwest that drains to Canada and Hudson Bay
61 inches in Waterton River, 50 inches in Boundary Creek, and 49
inches in Belly River where those streams cross the international
boundary. The runoff in the small (3.47 sq mi) Grinnell Creek area
has ranged from 84 to 145 inches per year since 1949 (Frank Stermitz, U.S. Geol. Survey, written communication, 1961).
According to measurements made in 1951 by C. H. Hardison of
the U.S. Geological Survey (unpublished data) from the runoff
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contours of Langbein and others (1949) reproduced in plate 1, the
runoff averages about 3.8 inches per year in the State. This is less
than half the national average, but it is only .a sixth less than the
Western-State average, and owing to the Targe size of Montana the
runoff from within the State reaches the total of 27 bgd, or about
30 million acre-feet per year.
Montana receives virtually no water from outside along the east
and west borders, but the situation is different on the north and
south. The Kootenai Eiver brings in about 7.4 million acre-feet per
year from Canada (1930-57); U.S. Geol. Survey, 1960b, p. 50-51), and
the Flathead Eiver brings in about 0.7 million. Very little of this
water is used in Montana, and the bulk of its flows into Idaho with
substantial additions from Montana; the total where the Kootenai
crosses the Idaho border is about 9.8 million acre-feet per year; and
the flow of the Clark Fork of the Columbia, into which the Flathead River flows and the bulk of the flow of which originates in
Montana, is about 14.4 million acre-feet per year at the Idaho line.
Wyoming on the south contributes about 2.2 million acre-feet per
year in the Yellowstone Eiver and 2.6 million in the Bighorn. About
1.5 million acre-feet per year more is received in other tributaries
of the Yellowstone entering from Wyoming, and the Milk Kiver on
the north brings in about 0.2 million from Canada (not counting
the water originating in Montana that is diverted to the Milk from
the St. Marys.River).
Montana's consumptive use of water is related largely to agriculture, the principal source of income. A large quantity (46 bgd
in 1960) is used nonconsumptively for generating hydropower on
both west-slope and east-slope streams. About 1,800,000 acres, a
fiftieth of the State's total area, was irrigated as of 1960, and the
consumptive use of the 5.7 million acre-feet of water applied on this
land (diversions of about 7.6 million less a conveyance loss of about
1.9 million) was about 2.4 million acre-feet. Dry-farmed crops
occupy about 14 million acres, grazing lands about 37 million, and
forests about 22 million (State Officials, 1960, p. 185).
The tourist industry, production of petroleum, mining, manufacturing, and lumbering are secondary to agriculture as income producers. The total use of water by industry, excluding hydropower,
was about 260 mgd in 1960, of which 58 mgd of fresh surface water
was used for public-utility fuel-electric power generation. Publicsupply withdrawal was about 110 mgd, and rural ddemestic use about
42 mgd.
Ground water furnished a small but significant part of the
total withdrawal use. According to the rather meager data available, the 1960 withdrawal was about 34 mgd for irrigation, 36 mgd
(including 1 mgd of saline water) for industry, 24 mgd for public
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supply of 111 municipalities of which 19 used some surface water
also, and 15 mgd for rural supply a total of about 110 mgd. The
1960 withdrawals represented a substantial increase over 1950
from 15 to 36 mgd for industry, 25 or less to 34 mgd for irrigation,
and 10 to 24 mgd for public supply. Rural use in 1960 was probably not less than that in 1950 in spite of migration from rural
to urban areas, owing to installation of additional running-water
systems in the rural areas.
The increase in industrial withdrawals has been due both to new
industry and to increased use of water by the petroleum industry
to maintain pressure in oil and gas sands and for "secondary recovery" of oil and gas from the older fields.
GROUND -WATER STUDIES

Ground water furnished only about a fiftieth of Montana's withdrawal use in 1960, but as everywhere else its significance is greater
than is indicated by its proportion of the total because of its importance for rural and public supply, and in some areas for irrigation
and industry, where surface water is not available or would be
more expensive to use. It is destined in the future for a progressively more important role, to facilitate which a great many groundwater studies will be needed.
Only a small part of this large State has been covered by detailed
ground-water studies. A small area in southeastern Montana is
included in the large area covered by a generalized report on the
central Great Plains (Darton, 1905). More detailed reports were
prepared some decades ago on the Great Falls area (Fisher, 1909),
the Butte area (Meinzer, 1915), the Little Bitterroot Valley (Meinzer, 19l7a), Musselshell and Golden Valley Counties (Ellis and
Meinzer, 1924), the Townsend Valley (Pardee, 1925), Yellowstone
and Treasure Counties (Hall and Howard, 1929), and central and
southern Kosebud County (Kenick, 1929). Big Horn County and
the Crow Indian Reservation are covered in a report on the mineral
resources which includes a substantial section on ground water
(Thorn and others, 1935). The effect on ground water of proposed
storage of surface water in Flathead Lake was discussed by Cady
(1941) and later by McDonald (1946). Meinzer's report (1927a, p.
79-86) on large springs includes a section on Montana, which in
Giant Springs near Great Falls has one of the largest springs in
the United States and the largest discharging through sandstone
(though the water originates in limestone below the sandstone).
Publications of the Montana Bureau of Mines and Geology cover
several large areas in a general way and smaller areas in more
detail. The Bureau's Information Circular 26 (Groff, 1958) is a
general treatment of the ground-water situation in Montana and
includes a section on ground-water law by A. W. Stone. The circular
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lists 10 reports on ground water prepared by the Bureau's E. S.
Perry in 1931-35, as follows:
Area and subject
Ground water in central and eastern Montana-Artesian wells as source for Winnett irrigation
project.
Ground-water possibilities at certain towns and
cities.
Shallow wells for irrigation near Terry. _______
Artesian wells 'as source for Fort Benton_-_____
Ground water in Judith Basin________________
Shallow wells for irrigation in Frenchtown and
Camas Prairie Valleys.
Geology and artesian water along Missouri and
Milk Rivers in northwestern Montana.
Physiography and ground water of Big Hole
Basin.
Geology and ground water of southeastern Montana.

Report No.
Mem. 2_____-___--__
Misc. Contr. !___-___

Year
1931
1932

Misc. Contr. 2____-__

1932

Misc. Contr. 3_______
Misc. Contr. 4____-__
Mem. 7___---_--_-_Misc. Contr. 5_ ______

1932
1932
1932
1933

Mem. 11 ____________

1934

Mem. 12____________

1934

Mem. 14____________

1935

The program of the Department of the Interior for development
of the Missouri River basin has included substantial ground-water
studies in Montana, especially of alluvial valleys where ground water
is an important present or potential source for irrigation or is a
threat because of waterlogging. The Lower Marias irrigation project
some 75 miles northeast of Great Falls and the Medicine LakeGrenora area of the Missouri-Souris project in northeastern Montana are covered in open-file reports (Swenson, 1947; Vorhis, 1949).
Published U.S. Geological Survey circulars and water-supply papers
include those on the Helena Valley (Lorenz and Swenson, 1951),
the lower Yellowstone River valley between Miles City and Glendive
(Torrey and Swenson, 1951), the lower part of the valley between
Glendive and the North Dakota line (Torrey and Kohout, 1956),
the Missouri River valley in northeastern Montana (Swenson, 1955a),
the Townsend Valley (Lorenz and McMurtrey, 1956), the Lower
Marias project .(Swenson, 1957b), the First Division of the Buffalo
Rapids project in the Yellowstone River valley between Fallen and
Glendive (Moulder and Kohout, 1958), the lower Little Bighorn
River valley (Moulder and others, 1960), and the Gallatin Valley
(Hackett and others, 1960). The Gallatin Valley report contains
a comprehensive water budget.
Other products of the Missouri basin studies include an open-file
report describing a reconnaissance of ground water in the area
above the Two Leggin Canal in the Hardin unit of the project
proposed for irrigation from the proposed Yellowtail Reservoir on
the BighonTRiver (Swenson and Zimmerman, 1958) ; a report listing measurements of water levels in observation wells made in 1946-53
(Swenson, 1955b); and two short, general papers by Swenson (1953,
1954) on ground-water resources and potentialities in Montana.

474

ROLE OF GROUND WATER IN NATIONAL WATER SITUATION

Studies in cooperation with the Montana Bureau of Mines and
Geology began in 1955. Reports completed to date include a progress
report (Zimmerman, 1956) of a restudy of parts of Musselshell and
Golden Valley Counties, first described by Ellis and Meinzer in
1924; a progress report on the eastern part of the Bitterroot Valley
(McMurtrey and Konizeski, 1956) and a later report on the water
resources of the whole valley (McMurtrey and others, 1959); and
preliminary reports on northern Blaine County (Zimmerman, 1960)
and the northern part of the Deer Lodge Valley (Konizeski and
others, 1961). A brief open-file report (Swenson, 1959) describes
the availability of ground water for the Customs-Immigration Station at Sweetgrass, where the supply was threatened by gasoline
contamination. Similar reports on the Babb-Piegan, Raymond, Scobey, and Turner stations were prepared at the same time by Swenson
or E. A. Zimmerman and are in the open file in the Geological
Survey's office at Billings.
GROUND-WATER RESOURCES

Montana is not the only Western State having large resources
of ground water not yet put to use, but it ranks among the forefront
in available water and in promise for the future. In fact, in several
areas it has enough ground water to constitute a liability rather
than an asset, owing to waterlogging that has resulted either from
natural discharge of ground water or, more commonly, from
increased recharge by "return flow" from irrigation with surface
water. In some such areas pumping of ground water will serve
the dual purpose of relieving the waterlogging and producing water
for irrigation of new land or for other uses.
The distribution of ground water in the State is far from
uniform. The most widespread sources are certain strata in the
bedrock beneath the Plains, but there are large areas in the Plains
where aquifers capable of yielding even the small supplies needed
for domestic and stock use are absent or beyond even the considerable
drilling depths considered feasible today. (In places, wells have
been drilled more than 2,000 feet to obtain adequate water for
domestic and stock supply.) The most productive aquifers are the
unconsolidated fill of the intermontane valleys in the west and the
alluvium along the larger streams in the east, which together underlie only a small percentage of the total area of the State. The bedrock aquifers are important as sources of domestic and stock water
and locally of water for towns and industries; the alluvial aquifers,
in places more than 400 feet thick, are those having the potential
for large-scale production of municipal, industrial, and irrigation
water.
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BEDROCK AQUIFERS

Among the most important bedrock aquifers are sandstone beds
of the Hell Creek and Fox Hills Formations of Late Cretaceous
age and the Fort Union Formation of Paleocene age. These formations underlie large areas in eastern Montana, and where one or
more of them are present in substantial thickness it is generally easy
to obtain enough water for domestic and stock use. Many of
the wells penetrating these rocks in the Powder River Basin and
the Yello\vstone River valley discharge by natural flow. Many of
the wells are permitted to flow to waste, and the artesian head
has declined in some areas, locally to beneath the land surface.
Many of the wells are cased with pipe too small to admit a pump, so
that the whole investment in such wells is lost if their flow ceases
or becomes inadequate. The declines in artesian pressure thus are
a threat to the economy of the areas in which they are occurring,
and conservation measures seem needed.
Beneath the Fox Hills Sandstone is a thick section of nonproductive shale, including the Bearpaw and Pierre Shales of Late
Cretaceous age. Where these shales are at the surface it is very
difficult to get usable supplies of water; some wells have been drilled
to depths of 2,000 to 2,800 feet to obtain only small supplies of
mineralized water. Areas underlain by the shales include much of
Carter County on the north flank of the Black Hills uplift, the
Cedar Creek anticline near Glendive in east-central Montana, and
the Porcupine dome and large areas elsewhere north and west of
the Fort Peck Reservoir.
Beneath the Bearpaw Shale is the Upper Cretaceous Judith River
Formation, whose sandstone beds yield water where they lie within
economical drilling depth. The formation is an important aquifer
where it is exposed in a large area in north-central Montana, in
Liberty, Hill, parts of Chouteau, Fergus, Blaine, and Phillips
Counties; and also locally in a belt extending southward and eastward from the vicinity of Martinsdale in Meagher County in
central Montana. The formation becomes shaly and less productive
toward the east; also, the water is saline at depth and in places
even near the top of the formation. In some areas of low elevation
wells will flow, and uncontrolled discharge of water is causing the
artesian pressure to decline.
Beneath the Judith River Formation is the Upper Cretaceous
Claggett Shale, which yields virtually no water except locally in the
vicinity of Harlowton and Martinsdale in Wheatland and Meagher
Counties in central Montana. Beneath the Claggett is the Eagle
Sandstone, also of Late Cretaceous age, which is an important
aquifer in a large area extending from the flanks of the Pryor
Mountains near Billings northward and then northwestward around
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the east flank of the Big Snowy Mountains across Fergus, Chouteau,
Liberty, and Toole Counties. Moderately large yields are obtained
locally as much as 600 gpm with less than 20 feet of drawdown.
Several towns and industries, as well as hundreds of ranchers, obtain
water from the sandstone; there have been some declines of water
level where the withdrawal is large. A problem of contamination
by gasoline at Sweetgrass, on the Canadian border in Toole County,
has been mentioned (Swenson, 1959). In some places, water in the
Eagle is salty at depths of as little as 700 feet, but in other places
it yields good water to wells more than 2,000 feet deep. The formation "shales out" to the east.
Where the Eagle Sandstone has been removed by erosion, the
Cody Shale or the Colorado Shale, of Late Cretaceous age, is at
the surface. These areas are chiefly on the broad Sweetgrass arch
and around the flanks of the Big Snowy and Pryor Mountains.
The shale beds have a maximum thickness of nearly 2,000 feet and
yield virtually no water; hence, deep, expensive drilling is necessary
to get even small supplies of water which generally is of poor
quality. Many ranchers, and even some small towns, in those areas
haul water from streams, stock ponds, or shallow wells dug in
alluvium. Locally, sandstone beds in the Telegraph Creek Member
of the Cody Shale yield small supplies of water.
Mainly below but in part interbedded with or grading into the
shales described above are important water-bearing sandstones of
Late and Early Cretaceous age which are known by various names
but which can be considered a part of the famous artesian aquifer
system known by the general name Dakota Sandstone. They include
the Blackleaf Formation near the mountains, the Kootenai Formation in much of northern and central Montana, the Cat Creek
sands, as they are called by drillers, to the east, the Cloverly Formation in south-central Montana, and the Dakota and Lakota Formations in the eastern part of the State. The sandstone beds yield
water of good quality in and near their outcrops; down the dip they
yield water which is mineralized but which nevertheless is usable and
in large areas is very important because it is the shallowest water
of which reliable supplies can be obtained.
The sandstone aquifers have not been tapped in Montana to the
extent that they have in the Dakotas, but they are important sources
throughout their extent and in some places they have been
substantially developed or even overdeveloped. For example, in
recent years many wells have been drilled into the Kootenai Formation in the Judith Basin in Judith Basin County and adjacent
counties. The water is under artesian pressure and many wells flow.
Some of the wells are leaky, and others are allowed to flow
unchecked, so that the head is declining. At the town of Geyser
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well are reported 20 years ago to have had yields of hundreds of
gallons per minute under pressures as high as 90 to 100 pounds
per square inch (equivalent to more than 200 feet of water). The
pressure now is less than 30 pounds per square inch and the yield
of wells less than 60 gpm. Sharp declines in pressure and yield
are reported also north of the town of Moore in Fergus County. In
the Judith Basin, as in the Powder Kiver Basin and Yellowstone
River valley, many of the wells are too small for pumps. Some of
the wells are drilled with 4- or 6-inch tools and cased with l 1/^ or
2-inch pipe around which water can leak into shallow aquifers or
to the land surface.
In eastern Montana the artesian water is somewhat mineralized
to begin with, and locally oil-field brines are being discharged into
the aquifers, increasing the mineralization of the water enough to
make it unfit for use.
Rocks of Mesozoic age older than those described above and rocks
of Paleozoic age include some potentially important aquifers which
have been little developed to date. In downward order these include
the Upper Jurassic Swift Formation; the Lower Triassic Dinwoody
Formation and Permian Phosphoria Formation, formerly grouped
together under the name Embar; the Triassic and Permian Chugwater Formation; the Pennsylvanian Tensleep Sandstone and the
Mississippian and Pennsylvanian Amsden Formation; and the Lower
Mississippian Madison Limestone.
Several water wells have been drilled to the Madison in the
Great Falls area, and oil test holes have been finished as water
wells in the Madison in several localities. The Madison is the
source of some of the large springs of Montana, including the fourth
largest, Toston Big Spring (Mammoth Spring), on the Missouri
River southeast of Toston, Broadwater County. It is also the source
of the water of Giant Springs at Great Falls, though the water
issues from jointed sandstone of the Kootenai Formation above the
Madison. An oil test hole near Bluewater Springs on the flanks
of the Pryor Mountains, near Billings, yielded 12,000 gpm from
the Madison when drilled some years ago and still yields about
8,000 gpm; it yielded also an estimated 1,500 to 3,000 gpm from
the Chugwater Formation, which was cased off as the well went
deeper.
The pre-Cretaceous aquifers described crop out on the flanks or
tops of the Pryor, Beartooth, Bridger, Belt, Little Snowy and
Snowy, Sawtooth, and other ranges where precipitation is high;
consequently, the conditions of recharge are good and there is little
prospect of overdevelopment in and near the outcrop areas even
when many more wells are drilled. At progressively greater distances from the outcrops the aquifers are deeper in large areas
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too deep for economical drilling at present and the yield and
quality of the water are less certain. Much exploratory drilling,
and checking of the records of oil and gas wells for information on
water, will be needed for an adequate evaluation of the potentialities
of these aquifers, but that the potentialities are considerable there
is no doubt.
The crystalline rocks forming the central parts of the higher
mountains, and cropping out in many foothill areas as well, are
generally poor aquifers having only slight promise for more than
small-scale development.
ALLUVIAL AQUIFERS

For large yields the alluvial aquifers of Montana are more important than the bedrock aquifers, at least at present. Not enough is
known about the most productive bedrock aquifers, such as the
Madison Limestone, to enable a guess as to whether they may be
both productive and accessible in a total area as large as that
occupied by the alluvial aquifers. In general, however, the alluvial
aquifers have a head start in that they are found where the people
live and grow the largest crops in the lowlands. The bedrock
aquifers are most productive in and near their outcrop areas, which
commonly are at relatively high elevations in remote districts.
Nevertheless, for uses other than agricultural, and in places for
irrigation too, the bedrock aquifers have considerable promise.
The alluvial aquifers are of two general kinds, not sharply
divided. These are the alluvial fill of the intermontane valleys in
the west and deposits along the principal streams in the east. In
general the aquifers are best in the central and western parts of
the State, but there are important areas in the east also.
Areas in western Montana in which wells yielding 1,000 gpm
or more from alluvium are possible include an area in the Bull
Lake trough near Troy in Lincoln County, south of the Kootenai
River and between the Cabinet Mountains and the Idaho line; the
North Flathead Valley in Flathead County; the Missoula Valley
in Missoula County; the Bitterroot Valley in Ravalli County; the
Deer Lodge Valley in Deer Lodge and Powell Counties; the small
South Butte Valley and the Divide area to the west, southeast of
the Deer Lodge Valley; the large valley in Jefferson, Madison, and
Beaverhead Counties known in its northern part as the Jefferson Valley and in its southern part as the Beaverhead Valley, and having
southeastward extensions along the Ruby River and Blacktail Creek;
the Helena Valley in Helena County; the Townsend Valley in Broadwater County; the Gallatin Valley in Gallatin County; the Livingston Valley, along the Yellowstone River in Park County; the Ennis
Valley, along the Madison River in Madison County; and the
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Hebgen Lake valley in southern Gallatin County and the adjacent
Yellowstone National Park.
Similarly productive areas in eastern Montana are only two. The
larger is the buried valley formerly occupied by the Missouri River
(Swenson, 1955a, p. 21-29, 40-41), which extends northeastward
from the sharp southeastward bend of the river in northeastern
Chouteau County, turns eastward along the present course of the
Milk River at Havre, and runs generally along that river to where
it joins the present Missouri River at the mouth of the Milk. The
highly productive part of the valley then follows the Missouri
downstream about to Brockton in Roosevelt County; there is a short
"stub" extending northward from the main valley along the lower
Poplar River.
The second and smaller, but still substantial, area is the Big Flat
in northeastern Blaine County and adjacent Phillips County, where
sand and gravel of the Flaxville Formation of Tertiary age between
the Cretaceous bedrock below and glacial drift above yields as much
as 1,200 gpm to irrigation wells (Zimmerman, 1960, p. 13-14).
Areas in the western two-fifths of the State where smaller yields,
250 to 1,000 gpm, can be obtained include the Thompson Falls area
along the Clark Fork of the Columbia River in Sanders County;
the Ashley Lake valley extending westward from the North Flathead Valley in Flathead County; the valley extending westward
from the Big Arm of Flathead Lake in Lake County; the Little
Bitterroot Valley in Lake and Sanders Counties; the Jocko Valley
in southern Lake County; the Helmville area near the junction of
the Blackfoot River and Nevada Creek in east-central Powell
County; the Flint Creek valley extending southward from the
Clark Fork in Granite County; the Big Hole River valley in northwestern Beaverhead County; the Upper Beaverhead Valley along
the Red Rock River east of Lima and extending westward from
Lima, in the upper Beaverhead River basin in southern Beaverhead
County; the lower Sun River valley west of Great Falls in Cascade
County; the Missouri River valley for some miles above the mouth
of the Smith River, also in Cascade County; and the upper Smith
River valley in Meagher County.
Areas of 250- to 1,000-gallon yields in the eastern three-fifths of
the State are found along the Yellowstone, Musselshell, and Missouri
Rivers and tributaries. Those along the main stem of the Yellowstone River include the Emigrant Valley along the river a few miles
upstream from the Livingston Valley; a stretch extending from
about the east edge of Park County to about Forsyth in Rosebud
County; a stretch of some 20 miles upstream from Miles City; and
the stretch downstream from about the community of Intake, northeast of Glendive in Dawson County, to the North Dakota line. Exten-
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sions along tributaries of the Yellowstone include those along the
Boulder River to the south and the Sweetgrass River to the north
in Sweet Grass County; the Stillwater Kiver in Stillwater County;
the Clark Fork (of the Yellowstone) in Carbon County; the Bighorn River upstream about to the junction of the Little Bighorn
and for some distance up the Little Bighorn; the lower Tongue
Kiver and Pumpkin Creek in Custer County; the upper Tongue
River from about the southwest corner of Custer County to near
the south line of Rosebud County and an unnamed tributary joining the Tongue from the southeast about at Ashland in Rosebud
County; the lower Powder River in Prairie and northern Custer
Counties and the upper Powder and the Little Powder in northeastern to central Powder River County; and Fallen Creek southeast of Mildred, Prairie County, but not between Mildred and the
Yellowstone.
The area of significance in the Musselshell River valley is along
the main stem from about Harlowton in central Wheatland County
downstream to where the river turns north at the east edge of Musselshell County.
Valleys related to the Missouri River include the downstream
extension of the buried valley east of Brockton, Roosevelt County,
which follows the river about to Culbertson and then runs along
north of it; the Porcupine Creek valley, north of the Fort Peck
Reservoir in Valley County; the Poplar River Valley about as far
north as Scobey in Daniels County (the part of the valley just north
of Poplar is in the 1,000-gallon-plus category) ; and the buried valley
now occupied by Big Muddy Creek and Medicine Lake, extending
northeastward from the eastward-trending valley to the North
Dakota line.
GROUND-WATER DEVELOPMENT FROM ALLUVIUM

In the last few years there has been considerable development of
the buried-valley aquifer along the Missouri River in northeastern
Montana; 40 or more irrigation wells have been drilled. The alluvium extends as deep as about 120 feet, and yields of 1,200 to 1,600
gpm have been obtained. The water first obtained was somewhat
mineralized, but it has improved in quality as recharge from the
river has been induced. Several municipal wells and one large industrial well also draw from this aquifer. Studies of potential yield are
needed in view of the rapidly increasing interest in irrigation and
of the fact that wells a mile or more from the river may not be able
to induce adequate recharge before their water levels are drawn to
the bottom of the aquifer.
Several large irrigation wells have been drilled recently in the
alluvium of the Powder River and other tributaries entering the
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Yellowstone River from the south. The surface water is fully appropriated and is inadequate during years of low runoff; the alluvium
offers an opportunity to stabilize the supply by drawing on groundwater storage in dry years.
Several large-capacity wells have been drilled for the public
supply of cities and towns along the Milk, Musselshell, and Yellowstone Rivers. Recharge from the streams and from the large areas
of irrigated land in these valleys is more than adequate to replenish
the withdrawals.
The studies made in the Helena, Townsend, Gallatin, Bitterroot,
Missoula, and Deer Lodge Valleys suggest that alluvium similar
in productivity to that in those valleys is probably present in other
intermontane valleys not yet studied. Substantial ground-water
developments have been made or are contemplated in all the valleys
named. Since 1955, when the study in the Bitterroot Valley was
begun, 40 or 50 irrigation wells have been constructed there. Most
of the wells are shallow and inexpensive some are less than 20 feet
deep and each yields 250 to 400 gpm, enough to irrigate 40 acres
with sprinklers. In the Gallatin Valley a few irrigation wells yielding 1,000 to 2,200 gpm with small drawdowns have been constructed.
The Bureau of Reclamation has proposed a project involving irrigation of a large acreage with water from 193 wells, but the proposal
has not yet been accepted. Wells capable of yielding 1,500 gpm
or more have been put down in the Beaverhead, North Flathead,
and Missoula Valleys.
The Big Flat in northeastern Blaine County is a previously dryfarmed area of potential ground-water overdevelopment. The 6
or 7 irrigation wells put down so far have yielded as much as 1,200
gpm. The irrigable area is about 100,000 aeres, but the study made
in that area (Zimmerman, 1960) indicates that the ground-water
recharge, all of which is derived from precipitation on the Flat,
may be adequate for perennial irrigation of no more than 7,000
acres. The ground-water storage, which is substantial but not
tremendous, would support irrigation at a higher rate for a time,
but not indefinitely.
- HROBLEMS, PROSPECTS, AND NEEDS

The State (State Officials, 1960, p. 187) describes the system of
acquiring water rights as its "most fundamental problem in connection with the use of water." Montana, as a Territory, repudiated
the riparian doctrine and adopted the rule of prior appropriation
as early as 1865 (Hutchins, 1958, p. 8-10), but for surface water
there is no statutory system of applying for and obtaining a permit,
making an appropriation, and filing a statement of completion to
perfect the right. Instead, all that is necessary is to file a notice of
appropriation with the county clerk and recorder of the county in
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which the appropriation is made. A user may even make an appropriation and neglect to file a notice (idem, p. 187); if at a later
time when his right is questioned he can furnish proof that he made
his appropriation when he said he did, his right will be held superior
to that of someone who made an appropriation later and filed a
notice with the county.
Furthermore, there is no law of abandonment of rights, such as
there is in most States that follow the appropriation doctrine. This
means that an irrigator who made an appropriation in 1890 and
used water until 1892 has a right superior to that of one who appropriated water in 1891 and has been using it ever since. Obviously,
the right to resume use of water under a long-unused appropriative
right is somewhat similar to the right under the riparian doctrine
to begin use at any time.
After unsuccessful tries in 1951, 1953, 1955, and 1959, the 1961
Legislature passed a ground-water code, to go into effect on January
1, 1962 (chap. 237, Montana session laws 1961). The code provides
that surface-water appropriations made prior to January 1, 1962,
"shall take priority over all prior and subsequent groundwater
rights." This may seem to be discrimination against ground-water
users who began their use some years ago, but as a practical matter
it has little effect because most streams in the eastern part of the
State have been fully appropriated and even greatly overappropriated for decades, whereas most substantial ground-water uses began
more recently. After January 1, 1962, "as between all appropriators
of surface or groundwater . . . the first in time is first in right."
In the absence of a central State repository for records of surfacewater rights, it is difficult to inventory beneficial use of water.
County-by-county inventories begun 15 years ago have covered 23
of Montana's 56 counties and will be valuable in the future in showing
Montana's claims to water rights and use of water, at such time as
downstream States may question the division of water between
States. Montana has compacts with downstream States on the east,
but as water use increases it is not inconceivable that there may be
demands for renegotiation of some of these compacts.
Montana and Idaho have ratified a proposed Columbia River
compact but Oregon and Washington have not.
Another problem cited by the State is the building in Montana
of large Federal projects, such as the Fort Peck Reservoir, the
benefits of which accrue mainly to downstream States, rather than
smaller headwater reservoirs of whose benefits Montana would get
a greater share. REA co-ops in eastern Montana have pointed to
the allocation to other States of 80 percent of a new block of energy
to be generated at Fort Peck (State Officials, 1960, p. 189). The
State is similarly concerned that Montana get what it considers
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an adequate share of the power generated on the streams west of
the Continental Divide, where potential water demands are small
and the main interest is in power.
The State has a Water Conservation Board which builds irrigation projects and develops municipal water supplies. Water has
been made available for 350,000 of the State's 1,800,000 irrigated
acres under projects sponsored by the Board. Funds have been
obtained from various sources, including Federal, but all money now
comes from the general fund of the State and must be repaid by the
users. The State (idem, p. 187) points to two similar irrigation
projects on the lower Yellowstone River, one built in part with
Federal funds and one built with State funds. That in which Federal
funds were used gets electrical power at a preferential rate; the
other does not. The State considers this situation inequitable and
would like to see it changed.
The State is opposed to "wilderness" legislation if it would
prohibit completely the building of water-conservation structures
in wilderness areas, of which Montana has a substantial amount
(idem, p. 188).
There is a little pollution of streams, especially the Yellowstone
River which receives municipal sewage along with wastes from oil
refineries, sugar-beet plants, meatpacking plants, canneries, railroad yards, etc. (idem, p. 188). A State Pollution Council formed
in 1955 has classified the streams of the State and has been able
to set high standards for most of them because so few are seriously
polluted. Good progress in cleaning up the Yellowstone is reported.
Waste disposal is not regarded as a high beneficial use of streamflow
in Montana, and nowhere is a stated flow of water maintained in
a stream for the sole purpose of carrying off waste. Hence, there
is a need to protect streams from becoming polluted in the first
place. The State (idem, p. 190) recognizes that, in effect, the use
of streamflow for carrying off waste is increasing and will increase
further as the industrialization being actively promoted by the
State Planning Board takes place.
The State (idem, p. 189-190) would like to see lock-type ("slackwater") rather than run-of-river navigation practiced on the
Missouri River in downstream States (there is no navigation on
the Missouri in Montana). This would enable making smaller
releases from Fort Peck during dry weather and would conserve
water for hydropower generation at other times; it would also
improve recreational conditions on the Fort Peck Reservoir because
the dry-season drawdown would be less. As an example, the State
points to the lock-type project now being built on the Snake River
which will bring the head of navigation to Lewiston, Idaho, within
feasible hauling; distance of southwestern Montana.
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One of Montana's problems is waterlogging resulting from irrigation with surface water. Some of the waterlogged areas are underlain by tight sediments and bedrocks, and artificial drainage by
means of tiles and ditches is the only answer. In substantial areas,
however, the waterlogging represents simply the overfilling of
potentially productive ground-water reservoirs. Pumping from wells
in such areas not only could relieve the waterlogging but also would
provide water for irrigation of land for which surface water is not
now available, or for other uses. Such pumping is among the mostly
conventional means listed by the State for solving existing and
potential problems (idem, p. 191). Others include better farming
methods, with greater use of sprinklers rather than flooding for
irrigation; construction of additional reservoirs to store floodwater
now unused, for use in dry weather; lining of canals to reduce
seepage losses (and the waterlogging they cause in many places);
installation of additional conventional drainage works; consolidating
parallel canals to reduce transmission (conveyance) losses of water;
arranging exchanges of water 'or water rights to achieve greater
flexibility and efficiency in the use of water; prevention of groundwater contamination such as that caused by injection of oil-field
brines; conservation of artesian water (control of flowing wells) ;
and installation of meters and abolition of flat rates for water from
public supplies. Listed also are some of the newer techniques now
being considered throughout the West watershed treatment to
increase useful runoff, conversion of saline water, and reduction
of evaporation from reservoirs.
The growing needs for water in Montana, especially in the Plains
area, will create many problems in the future, but the State is still
in the fortunate position of having substantial assets in its "water
bank" to draw on in solving the problems. Though not as far along
as many other States in either evaluating its water resources or
planning its future water projects, Montana is showing every sign
of readiness to accept the broader responsibilities associated with
supplying tomorrow's water demands. In meeting those responsibilities, ground water seems destined to play a role far greater than it
now does, and much additional information on ground water will
need to be gathered.
NEBRASKA

Semiarid to subhumid Missouri basin State; water resources not large
but fairly well distributed in comparison to those of many other States.
Precipitation from about 14 to 16 inches in west to about 35 in southeast;
averages about 22. Runoff less than 0.25 inch in west center and about
0.3 to 0.4 inch in southwest corner; rises to maximum of 5 inches or a
little more in Sand Hills, declines eastward to as little as an inch, and then
rises again to about 5 inches in southeast corner. Averages about 1.9 inches
for total of 7.0 bgd (7.8 million acre-feet per year). State receives from
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Wyoming about 0.52 million acre-feet per year in North Platte River, from
Colorado and Kansas 0.33 million in South Platte plus smaller amounts in
North and South Forks of Republican, and from South Dakota small amounts
in Keyapaha River and Ponca Creek; has access along eastern border to
Missouri River, which carries about 20 million acre-feet per year at northeast
corner and 29 million at southeast.
Eastern fifth of State glaciated; western four-fifths mostly in High Plains.
Something like nine-tenths of State covered by deposits of Pleistocene age
which are generally capable of at least small yields to wells and in large
areas will yield moderate to large quantities; water-bearing deposits of Tertiary
age, chiefly Ogallala Formation, underlie Pleistocene in middle two-thirds of
State and crop out in much of western part.
Water use in 1960 about 3,200 mgd,/nearly half ground water; plus about
1,200 mgd, largely surface water, accounted for by conveyance losses. Groundwater use about 120 mgd for public supply, 86 mgd for rural supply, 12 mgd
for industry, and 1,300 mgd from 23,000 wells for irrigation of about two-thirds
of State's total of about 2.6 million irrigated acres. Surface-water use about
58 mgd for public supply, 4 mgd for rural supply, 670 mgd for industry
including 640 for public-utility fuel-electric power, and 900 mgd for irrigation. Use for irrigation, mostly during three summer months, and increased use
for public supply in summer mean that three-quarters to four-fifths of total
water use occurs in one-quarter of time.
Ground-water withdrawal in excess of replenishment in parts of lower
Platte River valley east of Kearney, in eastern part of adjacent Loess Plain
south of Platte in Big Blue River basin, and in part of Box Butte County
in western High Plains. Replenishment from surface-water irrigation exceeds
ground-water withdrawal in Tri-County area of Loess Plain, along Platte and
North Platte Rivers west of Kearney, and in Republican River valley. Associated problems include waterlogging and water-quality and soil deterioration
in Platte and Republican valleys, and southward migration of part of irrigation water taken from Platte River to Republican and Blue River basins by
underflow beneath Tri-County area.
Other problems include scarcity of ground water in much of glaciated
area and in "shale land" regions in northwestern and northern-northeastern
parts of State; potential conflicts between industrial and irrigation use of
water and between ground- and surface-water uses; and existing or threatened contamination of ground water. Major overall problem of State is
conservation of water to reduce unnecessary losses through floods and
evapotranspiration and thus to assure maximum useful supply for future.

Nebraska has a substantial water supply but one which is small
in consideration of the State's large present and even larger potential
use of water. The water supply is fairly well distributed, at least
in comparison to that of many other States, and is widely available
in generous quantities to wells. These facts have led to a rate of
water use equivalent to nearly half the State's runoff.
Nebraska is the only State that lies entirely within the Missouri
River basin. The eastern fifth of the State, known as the Drift Hills,
lies in the Glaciated Central ground-water region and in the Dissected Till Plains section of the Central Lowland physiographic
province. The western four-fifths is in the Great Plains province
671316 O 63
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most of it in the High Plains section, which occupies about the
middle two-thirds of the State. The land surface of the Nebraska
High Plains is largely a product of the action of wind during the
Pleistocene Epoch, which left the famous Sand Hills as the northwest half of the Plains and loess-covered uplands as the southeast
half.
Beneath the Pleistocene mantle rock in most of the High Plains
are imconsolidated to consolidated sediments of Tertiary age, of
which the uppermost and most important to ground water is the
Ogallala Formation of Pliocene age, up to 400 feet thick. Below
are several hundred to more than a thousand feet of strata of the
Miocene Arikaree Group and Oligocene Brule and Chadron Formations; the Arikaree and Chadron include water-bearing sand and
gravel, and the Brule includes thin sands and in places fractured
siltstone which yield water. Below these Tertiary strata is a thick
section of generally westward dipping Cretaceous and Paleozoic
rocks. At the top in the western part of the State are the Upper
Cretaceous Laramie Formation and Fox Hills Sandstone, which
include thin water-bearing sandstones interbedded with shale. Below
these and at the bedrock surface to the east is the nearly impermeable Pierre Shale, thickening westward to more than 3,000 feet.
Next in downward succession, and coming to the bedrock surface
east of where the Pierre feathers out, are the Niobrara Formation,
Carlile Shale, Greenhorn Limestone, and Graneros Shale, which
yield only a little water from limestone in the Niobrara and Greenhorn. At the base of the Cretaceous is the Dakota Group, which
includes water-bearing sandstone.
Water in the Upper Cretaceous, Tertiary, and Quaternary aquifers
above the Pierre Shale is generally hard but only moderately mineralized. In a very general way, the mineralization of the ground
water in interstream areas decreases from west to east with the
increase in precipitation. Along the major alluvial valleys, both
ground water and surface water terid to increase in mineralization
downstream as a result of consumptive use for irrigation, until
increasing precipitation and runoff begin to dilute the water downstream from the irrigated reaches. In the Dakota and the younger
strata below the Pierre Shale, the water generally is highly mineralized except in the eastern, updip extensions of the rocks.
Below the Dakota in places are strata of Jurassic age and below
these, red beds of uncertain age early Mesozoic or late Paleozoic.
None of these are important as aquifers. Below these are rocks
representing all the systems of the Paleozoic. All the systems, and
Precambrian metamorphic and igneous rocks below, include some
water-bearing zones, but the Paleozoic rocks yield only small and
locally moderate supplies of fresh water and these only in the eastern-
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most part of the State; no water was being produced from the Precambrian rocks as of 1961. Of all the bedrock aquifers (in Nebraska,
the Ogallala is considered a bedrock formation), the most important
are the Ogallala, the Arikaree Group, the Chadron Formation, and
the Dakota Group. The others are relatively unimportant.
The precipitation is about 14 to 16 inches at the west edge of the
State, rises to 20 inches a little east of the middle, and is about 26
inches at the northeast corner and as much as 35 at the southeast;
it averages about 22 inches (Lewis, 1957, p. 17). The runoff is less
than a quarter of an inch per year in the southwestern part of the
western extension, adjacent to the southeast corner of Wyoming and
the north line of Colorado. It is a quarter of an inch or less also
in the vicinity of Alliance in Box Butte County. Elsewhere along
the west edge it is mostly about half an inch. Instead of rising more
or less steadily eastward as in the High Plains States to the south,
it rises rapidly to 2.5 inches or more in the Sand Hills, reaching a
maximum of 5 inches or a little more in a strip a hundred miles long
north of the North Platte River, beginning some distance southeast
of Alliance and ending some distance northwest of North Platte.
East of the Sand Hills it declines to as little as an inch and is less
than 2.5 inches except in the southeastern part, where it is above 2.5
inches in about the southeasternmost 3,000 square miles and is nearly
5 inches at the southeast corner. It averages about 1.9 inches for a
total of about 7.0 bgd, or about 7.8 million acre-feet per year (D. D.
Lewis, U.S. Geol. Survey, paper presented at Nebraska Water
Conf., Feb. 28, 1957).
Nebraska receives only a million acre-feet or so of water per year
from outside the State, except in the Missouri River. From the
west, the North Platte brings in 518,000 acre-feet, the South Platte
329,000 acre-feet, and the North and South Forks of the Republican
about 35,400 and 45,600 acre-feet (U.S. Geol. Survey, 1960b, p.
52-53). On the north the Keyapaha River brings in about 54,000
acre-feet per year from South Dakota, and Ponca Creek also brings
in a small supply. The Missouri flows about 20 million acre-feet per
year where it becomes the northeast border of the State, and about
29 million where it leaves at the southeast corner. The Niobrara
and Platte contribute something more than 5 million acre-feet of
the 9-million increase.
Nebraska's water use was about 3.2 bgd in 1960. Of course, some
of this represents the same water used more than once; and some
of the water came from the Missouri River, whose flow is not
included in the figure of 7.0 bgd for runoff within the State. Nevertheless, in not many other States is the water use equivalent to so
large a fraction of the runoff. This fact demonstrates the large
water demand for irrigation in this semiarid to subhumid State,
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and also the widespread distribution of the available ground water.
Ground water accounted for nearly half the total use of about 3.2
bgd about three-fifths of the use if public-utility fuel-electric
power production is excluded. In 1960 it supplied about 1.3 bgd
to two-thirds of the State's 2.6 million irrigated acres, a fraction
exceeded in only a few other States where irrigation is substantial.
About 900 mgd of surface water, two-fifths of the total used for
irrigation, was applied to the other third of the irrigated acreage.
Thus the amount of surface water applied per acre was a little
greater than that of ground water, a common situation in view
of the availability of surface water by gravity as opposed to the
necessity of pumping ground water.
In addition to the 2.2 bgd of water applied for irrigation, about
1.2 bgd, mostly surface water, was accounted for by conveyance
losses. Thus the total diversion for irrigation was about 3.4 bgd.
Nebraska equals Mississippi's record for dependence on ground
water for public supply. Only Omaha, the largest city, and two
small towns totaling 7,000 in population use surface water (State
Officials, 1960, p. 198). The totals in 1960 were 120 mgd of ground
water and 58 mgd of surface water.
Industrial uses except for fuel-electric power were not great
12 mgd of ground water and 32 mgd of surface water; fuel-electric
power accounted for 640 mgd of surface water. Rural uses accounted
for 86 mgd of ground water and 3.9 mgd of surface water.
Hydropower use was substantial, about 19 bgd, equivalent to
nearly three times the average runoff from within the State.
GROUND-WATER STUDIES

In keeping with the importance of ground water, the State has
seen to it that a very substantial amount of information has been
gathered on this resource. The Conservation and Survey Division
of the University of Nebraska, which includes the State Geological
Survey, has long cooperated with the U.S. Geological Survey in
ground-water studies. The State Department of Water Resources,
which in 1957 succeeded the irrigation division of the Department
of Roads and Irrigation as the State's administrative agency for
water, is the principal cooperator in surface-water studies.
Old reports cover several substantial areas in Nebraska, part of
which have not been covered by later studies. A part of southeastern Nebraska generally south of the Platte River between Lancaster County, the site of Lincoln, on the east and Lexington on the
Platte in Dawson County ontthe west is covered in one of*the
U.S. Geological Survey's oldest water-supply papers, No. 12 (Darton, 1898). Water-Supply Paper 29 (Barbour, 1899) gives information on wells scattered throughout the State. A report by Darton
(1905) covers the central Great Plains, including most of Nebraska.
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The area west of the 103d meridian, approximately the longitude of
Chadron, Alliance, and Sidney, is covered in another report by
Darton (1903). Reports by G. E. Condra (1907, 1908), for decades
the State Geologist of Nebraska, cover the Republican River valley
and adjacent areas and the row of counties immediately south of
the Missouri River from Boyd County on the west to Dakota County
on the east.
A report by Condra and Reed (1936) summarizes the availability
of ground water in the different rock units throughout the State.
Two later reports (Condra and Reed, 1943; Condra, Reed, and
Gordon, 1950), though not conecrned directly with ground water,
furnish information on the geology that is very important in relation to ground water, especially that in the 1950 report on the allimportant Pleistocene sediments.
A contour map showing the elevation of the water table in the
whole State, except for areas of relatively poor ground-water conditions including the glaciated east and the northwestern shale area,
was compiled by Schreurs (1954). Preparation of this map would
not have been possible if it had not been for the well inventorying
and test drilling done as a part of the ground-water studies. Test
drilling forms an especially important part of the work, in view of
the masking of the important water-bearing deposits by windblown
sand and silt. Especially economical methods of drilling and logging
the small-diameter test holes have been developed, and have made
feasible the drilling of thousands of holes totaling hundreds of
thousands of feet. The logs of the test holes are released in a series
of duplicated county reports of which that on Lancaster County
is typical (Smith, 1961).
The cooperative program of water-level measurements in observation wells of course contributed to the preparation of the watertable map, in addition to its primary purpose of supplying a current
picture of the status of the ground-water reservoir. The records
from selected wells are published at 5-year intervals in Federal
water-supply papers, and all the records are published annually by
the State in a series of which the report for 1961 is the latest
(Keech and Hyland, 1962).
Many substantial and important areas have been covered by
modern descriptive ground-water reports. Those prepared during
the 1930's and early 1940's include a report on south-central
Nebraska, especially the heavily pumped stretch of the Platte River
valley between Gothenburg in western Dawson County and Chapman in southern Merrick County east of Grand Island (Lugn and
Wenzel, 1938). A report by Wenzel (1940) discusses overdevelopment of ground water which even then was taking place in such
localities as the vicinity of Grand Island. The studies in the Platte
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valley (Wenzel, 1936, 1942) were the vehicle for the development of
methods for estimating and predicting the availability of ground
water that have added the names Theis and Wenzel to that of
Thiem as household words among ground-water hydrologists the
world over.
Three important counties also were covered during this period
Keith, Scotts Bluff, and Box Butte (Wenzel and" Waite, 1941;
Wenzel and others, 1946; Cady and Scherer, 1946).
The Sands Hills area was described in a general but illuminating
way as one of the type ground-water areas covered in a report of
the House Committee of Interior and Insular Affairs (Lohman,
1953b).
The program of the Department of the Interior and other agencies
for development of the Missouri River basin has had an especially
important impact on ground-wate'r studies in Nebraska, the only
Missouri basin State lying entirely within the basin and the one
in which substantial supplies of ground water are most widely available. Investigations and reports financed in part by Federal and
in part by cooperative funds include, in general order from north
to south and east to west, those on the following areas or subjects:
the upper Niobrara River basin in Nebraska and Wyoming (Bradley,
1956a) ; the lower Niobrara River and Ponca Creek basins in
Nebraska and South Dakota (Newport, 1959) ; the Ainsworth unit
of the Niobrara basin (Cronin and Newport, 1956) ; the Elkhorn
River basin above Pilger, Nebr. (Newport, 1957) ; irrigation in Box
Butte County in the western Sand Hills between the Niobrara and
North Platte Rivers (Nace, 1953; see also Cady and Scherer, 1946) ;
southern Sioux County in the North Platte basin (Bradley, 1956b) ;
the Dutch Flats area in Scotts Bluff and Sioux Counties (Babcock
and Visher, 1951) ; the Pumpkin Creek area in Morrill and Banner
Counties (Babcock and Visher, 1952) ; the lower Platte River
valley (Waite and others, 1949; see also Lugn and Wenzel, 1938);
Buffalo County and adjacent areas in the heart of the lower Platte
area (Schreurs, 1956) ; the Loup River basin (Sneigocki, 1959)
and the Middle Loup and North Loup divisions (Brown, 1955;
Keech and Carlson, 1959) and Wood River and Prairie Creek units
(Keech, 1952; Sniegocki, 1955a) of the lower Platte basin; the
lower Lodgepole Creek basin (Bjorklund, 1957a) ; the lower South
Platte basin between Hardin, Colo., and Paxton, Nebr. (Bjorklund
and Brown, 1957) ; the Republican and Frenchman River basins
(Waite and others, 1948; Bradley and Johnson, 1957a) and the
Frenchman Creek basin above Palisade, Nebr. (Cardwell and
Jenkins, 1962) ; the shape of the water table in the divide area
betwen the Platte and Republican Rivers (Bach and others, 1948) ;
the geology and ground water of the same general area, including
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the basin of the Little Blue River above Angus, Nebr. (Johnson,
1960); and the Big Blue River basin above Crete, Nebr. (Johnson
and Keech, 1959).
Underflow into Nebraska in the Niobrara River basin across the
Wyoming line was estimated by Babcock and Keech (1957), and
that across the South Dakota line by Reed and Keech (1957), in
connection with compact negotiations among the States in the
Niobrara basin.
Reports prepared largely as a part of the cooperative program
now that the preliminary investigative phase of the Missouri basin
program has been completed include those on Clay and Hamilton
Counties in the area east of Grand Island and Hastings (Keech
and Dreeszen, 1959; Keech, 1962a). A report was prepared for the
Atomic Energy Commission on water for a proposed nuclear facility
at Hallam, in the Salt Creek basin south of Lincoln (Keech, 1962d).
In addition to that for the classic studies of ground-water hydraulics of Wenzel and Theis mentioned previously, Nebraska has furnished a site (near Fairmont, in Fillmore County in the Big Blue
River basin) for important fundamental studies aimed at the direct
determination of evapotranspiration from vegetated areas (Leppanen and Harbeck, 1960). This item of the hydrologic budget has
generally been computed as the remainder after subtracting runoff
from precipitation and contains all the errors made in determining
those two items; a successful method of direct determination would
represent a tremendous advance in hydrology.
Brief recent summaries of ground-water conditions are found in
papers by Keech (1962b, c) describing the program of ground-water
studies and the relation of water levels to ground-water withdrawals.
GROUND-WATER RESOURCES

The 1936 report of Conda and Reed on the water-bearing formations of Nebraska, though only 24 pages long, is an excellent description of the general availability of ground water. It contains a map
of the mantle-rock formations, the most important water bearers;
a map and cross section showing the bedrock formations, accompanied by an explanation showing what lies beneath each bedrock
formation in its area of "suboutcrop" beneath the mantle rock; and
a map and descriptions of 18 ground-water regions. The regions are
listed and described below, in telegraphic style to save space.
NORTHWESTERN SHALE LAND REGION

In northern Sioux and Dawes Counties south of the South Dakota
line. Underlain by Pierre Shale, in places mantled by Brule and
Chadron Formations. Little ground water and few wells except in
alluvium along tributaries of northward-flowing Cheyenne and White
Rivers; some wells in basal sands of Chadron Formation.
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NORTHERN SHALE LAND REGION

Mainly in Boyd and Knox counties south of the South Dakota
line but includes lowlands along Keyapaha, Niobrara, and Missouri
Eivers as far west as northeastern Cherry County and as far east
as northern Dixon County. Underlain by Pierre Shale. Little
ground water and few wells except in alluvium along Ponca Creek
and the three rivers named above. A few wells drilled to Dakota
Group at depths of* 400 to 1,000 feet or more. Spring-fed streams
originating outside area supply many needs.
WESTERN TABLE LAND REGIONS

Four regions: (1) in Sioux, Dawes, Sheridan, and westernmost
Cherry Counties in northwestern Nebraska; includes a strip along
north edge of North Platte valley as far southeast as southern Garden
County; (2) along Scotts Bluff-Banner County line between North
Platte Eiver and Pumpkin Creek valleys; (3) in southern part of
western extension of Nebraska, north of Colorado line and between
North and South Platte valleys; (4) south of South Platte valley
in Keith, Perkins, and Chase Counties and small areas in adjacent
counties. Underlain by virtually impermeable Brule and Pierre
Formations, mantled in uplands by substantial thickness of Arikaree
Group and Ogallala Formation, which are chief aquifers; alluvium
carriers water along Niobrara Eiver and Lodgepole Creek and tributraies. Water table 100 to 300 feet beneath uplands. Wells are
productive. Water is moderately mineralized and moderately hard
to hard.
NORTHERN TABLE LAND REGIONS

Division includes four regions of which the largest two are (1)
in Keya Paha and northeastern Cherry Counties south of Keyapaha Eiver and north of Niobrara Eiver and (2) in northern
Brown, Eock, and Holt Counties south of Niobrara Eiver and north
of Elkhorn Eiver; other two are small areas north of Keyapaha
Eiver (3) in northeast ernmost Keya Paha and north westernmost
Boyd Counties and (4) in northeastern Boyd County north of Ponca
Creek. Similar in geology and hydrology to Western Table Land
regions; water in Ogallala Formation above Pierre Shale and, in
eastern part of region south of Keyapaha Eiver, in alluvium along
tributaries of that river.
SAND HILLS REGION AND OUTLIERS

Largest single ground-water region. Main area is north of Platte
Eiver and south (but locally extends north) of Niobrara and Elkhorn Eivers; extends from southwestern Box Butte and northwestern Morrill Counties eastward to western Antelope and Boone
Counties and reaches South Dakota border in Cherry County.
Outliers are south of Platte Eiver in southwestern Lincoln County
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and between southern Perkins and western-northwestern Dundy
County. Underlain by impermeable Brule and Pierre Formations
mantled by Arikaree Group and Ogallala Formation and Pleistocene sediments. Arikaree, Ogallala, and Pleistocene include productive sand and gravel aquifers; are topped by dune sand, which
absorbs all precipitation and carries consderable part of it to water
table. Niobrara and Elkhorn Rivers and tributaries, North Platte,
and major tributaries of lower Platte from South Loup River on
west to Beaver Creek on east have generous base flow fed by aquifers in Sand Hills. Recharge, as expressed by runoff which is
virtually all ground-water discharge, is 5 inches or more in a
sizable area, by far the highest rate in the High Plains. Zone of
saturation in permeable materials as thick as 700 or 800 feet; general
movement of water is southeastward. Water is moderately hard
to hard and is rather highly mineralized at shallow depth in
vicinity of some water-table lakes where all or most of locally
recharged water is discharged by evapotranspiration; water of
better quality is found at greater depth. Many artesian wells 80
to TOO feet deep penetrating confined Tertiary or Cretaceous aquifers
in eastern part of region. One of potentially most productive
ground-water areas in United States.
CENTRAL REGION

North of Platte River valley, south and east of Sand Hills and
Northern Table Land regions, and west of Northern Drift region.
Underlain by impervious Niobrara and Pierre Formations, locally
mantled by Ogallala Formation. Above these bedrock formations
are the Pleistocene Holdrege, Red Cloud, and Grand Island Formations, the chief aquifers, capped by loess. Local recharge from
precipitation less generous than in Sand Hills because of relatively
low permeability of loess; region receives much water by underflow,
and locally in streams, originating in Sand Hills. Water flows southeastward to Platte valley, discharging along the way from uplands
into alluvium along the southeastward-flowing tributaries of the
Platte. Large storage of ground water whose quality is satisfactory
for most uses; wells 100 to 200 feet deep in uplands and shallower
in valleys.
PLATTE LOWLAND REGION

Flood plains and terraces along North and South Platte and main
Platte River from Wyoming lines on west to Missouri valley on
east. Begins on west with large triangle on both sides of North
Platte (interrupted by the second of the Western Table Land
regions described previously, between North Platte River and Pumpkin Creek) narrowing from 50 miles along Wyoming line to a few
miles in southeastern Morrill County and continuing narrow, except
where tributaries enter, to junction with South Platte; South Platte
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valley also only a few miles wide. Below junction, valley of main
Platte ranges in .width from a few miles to about 25 miles. Underlain by alluvium of Recent and Pleistocene age and in middle part
by Grand Island, Red Cloud, and Holdrege Formations, resting on
Ogallala Formation in the areas where that formation is present
but more generally on pre-Ogallala bedrocks which are mostly
impermeable. Terraces are capped by loess. Alluvium is thin in
Pumpkin Creek valley in west, thicker but still relatively thin
along North and South Platte, and progressively thicker along
lower Platte. Alluvium; Grand Island, Red Cloud, and Holdrege;
and Ogallala where present are highly productive and are heavily
pumped for irrigation. Water is recharged from local precipitation,
from streamflow, and in western half of region by underflow from
Western Table Lands and Sand Hills. Water flows generally downvalley but flows southeastward away from Platte valley in substantial stretch in vicinity of Kearney (Schreurs, 1954). Water
moderately hard to hard and is rather highly mineralized in some
areas of shallow water table and high evapotranspiration.
SOUTHWESTERN REGION

Occupies area between Platte and Republican valleys west of
western Phelps and Harlan Counties except where interrupted by
Western Table Lands and outliers of Sand Hills. Underlain by
Pierre Shale mantled by substantial thickness of Ogallala Formation ; Pleistocene sediments including water-bearing sand and gravel
lie on Ogallala in a few places, and alluvium is present along
streams. Thick loess caps all older materials outside stream valleys.
Ground water recharged from local precipitation, in places from
streams, and by underflow from Sand Hills outliers. Wells 100
to 250 feet deep get moderate to large supplies. Pierre Shale crops
out locally and springs emerge above it.
LOESS PLAIN REGION

South of Platte valley, north of Republican valley, east of Southwestern region, and west of Southern Drift region. Underlain by
impermeable Niobrara and Pierre Formations, mantled by thick
Holdrege, Red Cloud, and Grand Island Formations which in turn
are mantled by loess. Ground water recharged mainly by local
precipitation but in part by underflow which moves from south of
Platte Valley toward topographically lower Republican and Blue
River valleys and in part by irrigation waters from Platte River
applied to lands in Tri-County area of Loess Plain region. Bedrock
stands high in eastern Nuckolls, all but northwesternmost Thayer,
and southwestern Jefferson Counties and adjacent areas and Pleistocene sands are thin and fine grained. Except in this area, abundant
moderately hard to hard ground water is available from Holdrege,
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Red Cloud, and Grand Island Formations to wells mostly 80 to 150
feet deep. In area of high bedrock most wells tap alluvium along
tributaries of Little and Big Blue Rivers or Fort Hays Limestone
Member at base of Niobrara Formation.
REPUBLICAN VALLEY REGION

Includes valleys of main stem and southern tributaries of Republican River and uplands south of the river from southwest corner
of State eastward to south-central Nuckolls County. Underlain by
impermeable Cretaceous bedrock, Pierre Shale in west and Niobrara
Formation in east. Ogallala Formation present beneath uplands,
locally mantled by Pleistocene sediments. Pierre and Niobrara crop
out along edges of valleys, forming belts in which ground water
is available only at considerable depth, mainly in Dakota Group at
depths of about 400 feet at east end of region, 1,200 feet at Beaver
City, and deeper to west. Water available in uplands from Ogallala
and, where present, Pleistocene, and along streams from alluvium.
Springs at base of upland are important sources of water.
NORTHERN DRIFT REGION

Glaciated area north of main Platte valley and east of line trending
generally south-southeastward from mouth of Niobrara River in
Knox County to east-central Platte County. Bounded by Missouri
River lowland on north and east. Underlain by Cretaceous and older
bedrock which is largely of low permeability except for Dakota
Sandstone. Drift sheets and interglacial and preglacial unconsolidated sediments include some permeable beds but are mostly relatively impermeable. Alluvium is present along Elkhorn River and
tributaries and along short tributaries of Missouri River. Dakota
Sandstone is important aquifer because there are many areas where
alluvium is not present and drift is unproductive; wells 100 to 800
feet deep tap it except where it is missing in eastern Washington,
Douglas, and Sarpy Counties. Water from Dakota is saline in
places, especially toward west.
SOUTHERN DRIFT REGION

Glaciated area south of Platte valley, west of Missouri valley, and
east of a line trending irregularly southward from northwestern
Butler to southeastern Jefferson County; bounded on south by Kansas
line. Underlain by Cretaceous and older bedrock of which Dakota
Sandstone is an important aquifer in western third of region;
Dakota is missing in eastern two-thirds. East of area is underlain by
Dakota, bedrock is Permian and Pennsylvanian; latter is chief
bedrock aquifer but deep wells have obtained small supplies from
older rocks. Shallow wells obtain water from alluvium along
streams, mainly Big Blue and Nemaha and Little Nemaha Rivers
and their tributaries and streams flowing directly to Missouri River;
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from sand and gravel deposited during Aftonian Interglaciation;
and from preglacial sand and gravel lying between drift and bedrock. One of best areas is in northern part of region where main
stem and tributaries of ancient valley of Platte Eiver, called Todd
Valley, contain Pleistocene alluvium (Todd Valley Sand) which
yields large supplies at depths of 80 to 100 feet.
MISSOURI RIVER LOWLANDS

Nebraska portion of lowland along Missouri Eiver. Alluvium is
60 to 100 feet thick, is mostly rather fine grained, and yields water
of only fair quality. Terraces or small alluvial fans along edge of
bluff underlain by similar material. Bedrock is Cretaceous in north
and Pennsylvanian in south. Dakota Sandstone present and tapped
by wells upstream from Tekamah, in Burt County about 30 miles
north of Omaha. Wells 500 to 2,000 feet deep at Omaha obtain
some water from Mississippian and older rocks. Shallow wells in
uplands get water mainly from interglacial sand and gravel of
Aftonian Interglaciation or from preglacial sediments resting on
bedrock.
GROUND-WATER DEVELOPMENT AND PROBLEMS

Ground-water use for public supply, rural domestic and stock
water, and industry is well distributed over Nebraska and so far has
caused few problems. The use for irrigation, which in 1960 outweighed all other ground-water uses put together by 6 to 1, is that
of chief concern to the State at present.
The principal areas irrigated with surface water are in the major
valleys, especially along the Platte in and west of Buffalo County,
the Republican and its tributary Frenchman Creek, the North and
Middle Loup Eivers, the Niobrara Eiver in the Mirage Flats project
in western Sheridan County and in the stretch upstream, and the
headwaters of the White and Cheyenne Eivers in the northwestern
counties. Another principal area is the Tri-County area in the western part of the Loess Plain region. Areas proposed for irrigation
with surface water include the extensive stretch of the Platte valley
and adjacent areas downstream from Kearney; valleys of the Loup
Eiver and its principal tributaries; a long stretch of the Elkhorn
Eiver valley; a large area in Holt County north of the Elkhorn,
drained by northward-flowing tributaries of the Niobrara; parts of
the Ainsworth "table" in Brown County; and the Little Blue Eiver
valley and adjacent area downstream from Angus in Nuckolls
County; as well as many other areas including presently unirrigated
stretches interspersed with irrigated stretches along the principal
valleys mentioned first.
Irrigation with ground water is important in nearly all the areas
where surface-water irrigation is practiced, and also in many upland
areas where surface water is not available. As of January 1, 1958,
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there were irrigation wells in all but 3 of Nebraska's 93 counties
more than 1,000 each in 6 counties and a total of 22,107 wells
furnishing all the water for 1,705,550 acres plus a part of that used
on 991,450 acres irrigated primarily from streams (State Officials,
1960, map between p. 198 and 199). By 1960 the totals had risen to
about 23,000 wells irrigating about 1,750,000 acres (idem, p. 198).
Problems affecting ground water include withdrawals in excess
of replenishment in certain areas; replenishment in excess of withdrawals, causing waterlogging and deterioration of water quality
and soil productivity, in certain other areas; deficiences in supply;
conflicts between agricultural and urban use and between groundwater and surface-water use; and existing or potential contamination
resulting from disposal of wastes.
WITHDRAWAL IN EXCESS OF REPLENISHMENT
LOWER PLATTE RIVEB VALLEY

About 7,300 irrigation wells pump about 400,000 acre-feet per year
in the Platte Eiver valley below Kearney. There is no surface-water
irrigation at present, though the area from Kearney to northeastern
Merrick County is proposed for irrigation with surface water. The
ground-water draft is heavy, and locally the water table has been
lowered especially in the vicinity of Grand Island and at some
places distant from the river. Some wells have been abandoned or
replaced, owing to depletion of their supply. Near the river, water
levels decline during the pumping season but rise as water infiltrates from the river during high stages. Thus the ground-water
pumping has had the effect of salvaging some floodwater that formerly was lost to this stretch of the valley. Irrigation with surface
water of course would increase ground-water recharge in areas more
distant from the river, but a comprehensive study of the hydrology
is needed to guide future action programs so as to make them most
effective.
LOESS PLAIN REGION

Ground water in the eastern Loess Plains is being withdrawn for
irrigation at a rate greater than that of replenishment. Yields of
some wells have decreased; some wells that did not already extend
to the bottom of the permeable deposits have been deepened. Proposed irrigation with surface water, such as along and adjacent to the
Little Blue River valley below Angus, would help; but not all the
uplands now irrigated with ground water can be reached by gravity
surface water. Detailed hydrologic studies are needed to estimate
the regional ground-water yield; the studies should evaluate the
prospects of, and possible methods of, artificial recharge of ground
water.
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WESTERN TABLE LANDS

Ground-water withdrawal exceeds replenishment in the area generally north of Alliance in Box Butte County. The water table has
been significantly lowered during the last few years, and some wells
have failed as a result of "sand pumping" when their water levels
were drawn far down in an attempt to maintain their yield. Surface
water is not available to replenish or supplement the ground water.
The lowering of the water table will probably continue until the
draft is reduced as a result of declining well yields and rising
cost of pumping. Similar conditions may develop elsewhere in the
Western Table Lands, where replenishment is much lower than it
is in the Sand Hills yet the demand for water is greater because
the soil is better suited for crops. Detailed studies are needed to
guide future water management throughout the tableland regions.
REPLENISHMENT IN EXCESS OF WITHDRAWAL
TRI-COUNTT ABEA

The Tri-County area is in Gosper, Phelps, and Kearney Counties,
south and southwest of Kearney at the west end of the Loess Plain
region. Water from the Platte Kiver applied to the land or seeping
from irrigation reservoirs and canals has raised the water table as
much as 100 feet in some localities. The ground-water divide is
considerably north of the topographic divide between the Platte and
the Republican, and thus a considerable part of the Platte River
water that infiltrates to the ground-water reservoir moves southward
toward the Republican or the Little Blue River instead of returning
to the Platte. Seepage losses from reservoirs and canals alone are
estimated at 250,000 acre-feet per year, and some of this water moves
southward.
Division of water among Colorado, Nebraska, and Kansas Tinder
the Republican River compact is based on the "virgin flow" of the
river, yet the virgin flow is difficult to determine because- of complications introduced by pumping of ground water and infiltration of
surface water from reservoirs and canals. a?nd irrigated fields. In this
area, just as much as in the areas of ground-water depletion, only
detailed hydrologic studies will provide the basis for effective, physical and administrative control of water.
REPUBLICAN RIVER VALLEY

The alluvium of the Republican River is fine grained in all but a
small part of the total area of the valley floor. Application of the
large amounts of river water used for irrigation is likely to cause
waterlogging except in the areas where the alluvium is sandy.and
gravelly enough to provide good drainage. Drainage of these areas
is enhanced by the pumping of ground water. The tight areas where
waterlogging is threatened are also areas of small ground-water sup-
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ply and use. Hence, the Republican valley is likely to be concerned more with the problems of drainage and water-quality and
soil deterioration that accompany waterlogging than with deficiences
in water supply.
PLATTE BIVEE VALLEY ABOVE KEABNEY

The Platte River valley above Kearney has long been irrigated
with surface water, and some areas have become waterlogged either
by infiltration of water applied to crops or, along the south rim of
the valley, by seepage from reservoirs and canals. Large quantities
of ground water also are now pumped. The pumping in some areas
has stabilized the water table, in others has failed to stop its rise,
and in still others! has more than stopped the rise, causing a decline
and some threat of depletion. Multiple reuse of water has caused
some deterioration in quality in some areas and threatens to cause
still more (Thom$s, 1952a, p. 43; Waite and others, 1949, p. 25-26,
78-79). Here again, detailed hydrologic studies are prerequisite to
effective water management.
DEFICIENCIES IN SUPPLY
GLACIATED REGIONS

In most of the glaciated part of the State the ground-water supplies are adequate to meet only small demands, and many communities and even individual farmers and rural residents have had difficulty in obtaining enough water. Surface-water supplies, which generally are affected little by ground-water development because the
ground-water draft is small or wells penetrate deep aquifers only
remotely connected with the streams, are available in many places
but not at a cost as low as that of ground water. Hence, the small
communities located where ground-water supplies are or will become
inadequate to meet the growing needs will be hard pressed to meet
their responsibilities for supplying water to their people.
SHALE LAND REGIONS

The Western and Northern Shale Land regions are areas of generally deficient ground-water supply. Except where alluvium is
present, or in the few areas where the bedrock contains water-bearing
sandstone, ground water is hard to get. Streams and springs are
more important as sources of domestic and stock water than they
are in many large areas in Nebraska and other parts of the country
where well yields, though small, are adequate for household and
stock uses. However, the flow of springs and streams falls off greatly
in long droughts. The alluvium along the streams is thin in most
places, and when wells in it are pumped heavily, as for town water
supplies, its supply too may be depleted. Only by storing enough
surface water to meet water-supply needs plus the demands of
exaporation or by drilling widely spaced wells in alluvium can large
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additional supplies be obtained, and both methods are costly enough
to strain the resources of small communities.
CONFLICTING USES
AGRICULTURAL VS. URBAN USE

Industry is growing in Nebraska, though it is still in its infancy
compared to irrigation. There is a tendency for new industries to
locate in suburban or rural areas rather then in the large commercial
centers. In some of these areas the new industries and the population that accompanies them may compete with irrigators for the
available water, and agricultural uses may give way as they have in
places in some of the other Western States such as California and
Arizona. The competition is not necessarily destructive so far as the
whole economy is concerned, because the value of manufactured goods
produced with a given volume of water may be several times that of
the crops that could be grown with the same volume.
GROUND-WATER VS. SURFACE-WATER TTSE

Conflicts between ground-water and surface-water use are
inevitable in a State where ground water supplies such a large
proportion of the consumptive uses and where ground water and
surface water are intimately related along the major valleys where
both are heavily used. The use of ground water for irrigation has
become large only in recent decades. However, most of the ground
water withdrawn for irrigation that is consumed was destined to
reach a stream and become streamflow, and that which is not
consumed and returns to the water table is more mineralized than
it was before and hence less useful when it does reach a stream.
Thus, substantial conflicts are being set up, though so far they have
been serious in few places.
Nebraska follows the appropriation doctrine for surface water,
but there is no well-established doctrine for ground water. Ground
water forming a "definite underground stream" may be subject to
appropriation, but the riparian rule seems to apply to "percolating
water" (McGuinness, 1951b, p. 23). The same decision that favored
the American ruje of reasonable use for * percolating water in
Nebraska stated that apportionment in time of shortage would be
permissible, as under the California doctrine of correlative rights.
The philosophy of apportionment seems to be behind the wellspacing requirement embodied in legislative Bill 110, enacted into
law in 195V. The law provides thafrmew irrigation-wells* may not
be located within 600 feet of an irrigation well on someone else's
property, unless the State Engineer (whose-function in this respect
is now assigned to the Director of the Department of Water
Resources) grants a permit after finding that closer spacing would
do no harm. Legislation enacted in 1959 provides for the setting up
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of local districts which have power to regulate the withdrawal of
ground water (State Officials, 1960, p. 198). It is too early to tell
whether the control achieved under this legislation will be adequate.
As the depleting affect on streamflow of consumptive groundwater use becomes greater, so will the administrative and legal
difficulties inherent in the attempt to administer under different
rules the right to use parts of what is actually a common supply
of water.
CONTAMINATION RESULTING FROM WASTE DISPOSAL
ORGANIC AND CHEMICAL WASTES

Ground water has been contaminated locally by infiltration of
surface water into which raw sewage or chemical wastes are discharged. Contaminated surface water is discharged into wells in
some areas as a means of drainage. Household detergents are
beginning to be a problem in Nebraska as they are in many other
States. Brines 'from oil fields and other industrial wastes are
discharged into streams and have contaminated or may contaminate
the adjacent ground water, as well as to make the surface water less
readily usable for ordinary purposes. Chemical fertilizers, though
not "wastes," contribute to mineralization of ground water in some
areas. The problems are not yet critical in large areas, but with
the growth of population and industry they are bound to increase
in gravity. Studies are needed to locate present and potential
sources of contamination so as to enable evaluating the problem
and devising means for adequate protection of water supplies.
RADIOACTIVE WASTES

Use of radioactive materials in generating power and in various
clinical, industrial, and agricultural operations is growing in
Nebraska as elsewhere. Waste products-.must be disposed of in such
a way as not to endanger supplies of either surface water or ground
water. In view of Nebraska's generally low runoff, surface water
is not available for diluting large volumes of even low-level wastes
"to r safe levels. Ground water in nearly all the State is on its way
to some stream, so that wastes can.be safely disposed of underground
only on the basis of thorough knowledge of the paths they may
lake, the rate of ^travel, and the capacity of the earth materials
to trap and hold them. In* addition to detailed studies of localities
where quantities of wastes are large or where accidental spills are
possible, there should be an adequate program of measuring "background" radiation of water all over the State, and of continued
monitoring to detect increases. These needs apply to other States
where radioactive materials are used, of course.
671316 O 63
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UNDERGROUND DIVERSION

Another problem related to ground water, though not caused by
ground-water pumping, is the southward diversion of water from
the Platte to the Republican and Blue River basins. The Republican and Blue flow at a somewhat lower elevation than the Platte,
giving them an advantage over the Platte in drawing ground
water from beneath the intervening upland. Thus, even under
natural conditions, the ground-water divide was probably north
of the topographic divide. Diversion of Platte River water to
lands south of the river in Gosper, Phelf>s, and Kearney Counties
has accentuated the natural situation, moving the ground-water
divide still farther northward and resulting in movement away
from the Platte of some of the irrigation return flow which, if
the rivers were at the same elevation, would normally return to
the Platte. This diversion, to the extent that it exists, may have
an adverse effect on projects lower on the Platte that depend on
a large base flow in the river, and it is one of the problems that
Nebraska must face in utilizing the overall water supply.
PROSPECTS AND NEEDS

Though industries will continue to grow, it is safe to say that
Nebraska will remain primarily an agricultural State for some
time to come. The broad outlines of future agricultural development
seem fairly apparent as a result of planning undertaken by the
State, as one of the earliest States to take a comprehensive look at
itself when planning activities became widespread in the early
1930's (Nebraska Planning Board, 1936), and planning undertaken
by State and Federal agencies as a part of the Missouri Basin
program. The early irrigation projects were run-of-river projects
undertaken privately. Large-scale projects have been built by the
Bureau of Reclamation under the sponsorship of local districts
organized under State law, and are being paid off in the usual way.
The Bureau is ready to start construction of projects providing
for irrigation of about 85,000 acres now dray farmed in the Ainsworth project in Brown County and the Farwell project in Howard
County. Projects totaling another 300,000 acres are in the planning
stage; these will be expensive and some may not be feasible, and all
are beyond the ability of local districts to finance, according
to the State (State Officials, 1960, p. 198).
In the writer's opinion, the greatest problem faced by the State
is that of ground-water and streamflow depletion gradually emerging
as irrigation with ground water continues at its present high level,
and continues to reach even higher levels year by year. The control
afforded by the well-spacing law of 1957 and the ground-waterdistrict law of 1959 should help to minimize local overpumping
of ground water, but full and effective exploitation of the State's
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limited water resources would seem to demand recognition of the
relation between ground water and surface water and coordinated
development of the joint resource. Only through coordinated
development can the State realize such essentials as conserving
floodwater to avoid both its loss for useful purposes and the damage
caused by it; preventing waterlogging and the waste of water and
water-quality problems that result; preventing undue depletion of
ground water and streamflow; using ground-water reservoirs to
the maximum practical extent to store floodwater and to supply
water during droughts; developing methods to reduce high evapotranspiration losses, especially in the broad Platte valley; and so on.
For Nebraska to continue and, even increase the already heavy
use of water will require an unusually comprehensive informational
"base" for the management efforts of the future. The studies made
both under, and before and since, the Missouri Basin investigative
program are an impressive start, but only a start. They do no
more than lay a solid foundation for the more comprehensive
studies that will have to precede each substantial water project of
the future. The informational needs go far beyond those of assessing
the availability and quality of ground-water and surface-water
supplies and the relations between ground water and surface water,
investigating methods of drainage and artificial recharge, and devising appropriate legal and, administrative machinery for managing
ground and surface water .as a common supply. The overall problem
is one of conserving water to get the most out of.it, yet leaving
enough to carry off wastes and salt and still remain usable for
ordinary purposes from the west to the east end of this 450-mile-long
State. The Nebraska Association of Soil and Water Conservation
Districts in its contribution to the Senate Select Committee (State
Officials,-1960, p. 200-202) lists a number of needs involving conservation -and use of-water on the farm: (1) conservation of soil
moisture by .treating the. land to increase intake and reduce evaporation; (2) control of erosion to avoid reduction of usefulness of water
by sediment pollutiomand loss of storage space in reservoirs, as well
as to conserve the soil; (3) development of new strains of plants
having greater drought resistance and, hopefully, smaller water
.requirements; (4) efficient use of irrigation water to minimize both
waste and quality deterioration; (5) use of windbreaks to reduce
erosion and evaporation; and so on. To these could be added a
need ten determine the effects on surface runoff and ground-water
recharge -of practices designed to hold as much of the precipitation
on tiia. land^ as possible. The practices might reduce runoff and
recharge and so reduce downstream water supplies, or they might
reduce the requirement for irrigation water and so, indirectly, result
in a net saving of water. Obviously, with only 22 inches of precipi-
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tation of which only 1.9 inches now escapes evaporation, addition
of only a fraction of an inch to the available water by practices
that make use of water more efficient would be of tremendous significance. In Nebraska, as in other States where water supply is limited
and consumptive use is high and growing, the needs for adequate
information on which to base water-management practices are
overwhelming.
Nebraska's water problems, not now critical, almost certainly
will grow in the future. Nevertheless, the enterprise that has enabled
Nebraska's farmers to build a prosperous agriculture based to a
large extent on their having to install and provide power for
equipment to raise water to the surface, instead of receiving it by
gravity, is grounds for optimism toward the ultimate outcome of
the efforts of the people of the State to make their own water
future secure.
NEVADA
Seventh largest but driest State in Nation; lowest in average precipitation
and among lowest in rate of runoff; fifth lowest in total runoff. Less than
one-fifth of its own runoff leaves State; rest discharged by evapotranspiration.
Precipitation from something less than 4 inches to a little more than 20 inches;
averages about 9 inches. Runoff exceeds 0.5 inch only in central and northern
parts of State, along part of west edge, and in Spring Mountains west of
Las Vegas; is less than 0.25 inch in most of west and southwest. Averages
about 0.6 inch for total of 3.2 bgd (3.6 million acre-feet per year). State
receives about a million acre-feet per year from California in Truckee, Carson,
and Walker Rivers. About 2.1 million acre-feet per year withdrawn for use,
plus conveyance loss of 0.42 million; about 1.1 million acre-feet consumed on
cropland. The rest, along with undiverted streamflow, is consumed by
evapotranspiration or joins runoff leaving State. Ground water available from
alluvium in more than 100 valleys of which few receive more than a few tens
of thousands of acre-feet of recharge per year; in only 4 does current withdrawal approach or exceed recharge, but others can be easily overdeveloped
if pumped heavily. Key to increase in useful water supply is salvage of water
that is now used by low-value phreatophytes or reaches "sinks" to evaporate.

"Nevada" means "snowy." The name comes, however, not from
the State's snow-catching ability but from that of the Sierra Nevada,
which dominates the western border. Nevada, in the rain shadow of
the Sierra, the Cascade, Range to the north, and the southern Coast
and Transverse Ranges to the south, is the Nation's driest State.
With nearly a twenty-fifth of the area of the conterminous States,
it receives only a little more than a hundredth of the total precipitation. It is unique also in that it is the area of final discharge of
the bulk of its own water supply, which is transpired by its crops
and natural vegetation or evaporates in the playa lakes, or "sinks,"
of the Great Basin.
Though Nevada has the lowest average precipitation and among
the lowest rates of runoff of all the States, it does not have the

(NEVADA

505

smallest total water supply. In view of the State's area of 110^540
square miles, it is not surprising that the total runoff exceeds that
of tiny Rhode Island and Delaware. It does come somewhat as a
surprise, however, to learn that Nevada's total runoff is slightly
greater than that of South Dakota and considerably greater than
that of North Dakota, in both of which the average precipitation is
nearly twice as high as in Nevada. The explanation is the flat terrain
of the two Plains States and the fact that a large part of their
precipitation is received during the growing season; these factors join
to cause the nearly complete consumption of the precipitation.
Winter snow and summer thunderstorms on Nevada's mountains
generate runoff at rates that temporarily exceed evapotranspiration
enough to permit substantial streamflow and ground-water recharge.
Incidentally, it is similar "mountain water" from the Black Hills
that explains why South Dakota's total runoff is half again as high
as that of North Dakota.
Nevada is almost entirely in the Alluvial Basins ground-water
region and in the Basin and Range physiographic province largely
in the Great Basin section of that province, a huge structural
depression between the Cascade-Sierra province and the Colorado
Plateaus and Rocky Mountain provinces. Its geographic, physiographic, and structural position explains both its aridity and its
largely internal drainage. A strip along the eastern part of the
north edge is in the Columbia Plateaus province, the west-central
"corner" is in the Sierra Nevada section of the Cascade-Sierra
province, and the southern tip is in the Sonoran Desert section of
the Basin and Range province. Within the Great Basin, generally
north-south-trending mountain ranges alternate with basins filled
with alluvium eroded from the mountains.
The boundary of the Columbia Plateaus province marks the
drainage divide beyond which northward-flowing streams carry
the bulk of the water that leaves Nevada in liquid form, into
tributaries of the Snake River and thence to the Columbia. At the
south end of Nevada, a little of the State's runoff discharges into
the Virgin River and thence into Lake Mead, but the bulk of the
flow of the Virgin comes from Utah by way of Arizona.
On the west, Nevada receives a substantial supply of water in
three rivers whose flow is generated partly in the California and
partly in the Nevada part of the Sierra Nevada section. These
are the Truckee, Carson, and Walker Rivers. The water received
is all discharged by evapotranspiration within Nevada. The only
other large stream in Nevada is the westward-flowing Humboldt
River, whose basin lies entirely within the State.
The precipitation is less than 20 inches in 99 percent of the State,
rising above this amount only in the Sierra Nevada section and in
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the mountains in the northeast. It is less than 15 inches in 90 percent
of the State, less than 8 inches in 42 percent, and less than 5 inches
in 18 percent; it averages about 8.9 inches (State Officials, 1960,
p. 204).
The runoff is difficult to estimate for two reasons: (1) a substantial amount in small basins occurs in the form of unmeasured flash
floods from thundershowers; and (2) there are not enough gaging
stations to show exactly how much of the runoff in the Truckee,
Carson, and Walker Rivers originates in Nevada and how much in
California. According to computations made in 1951 by C. H.
Hardison of the U.S. Geological Survey (unpublished data) from
the runoff contours of Langbein and others (1949) reproduced
in plate 1, the average runoff is about 0.6 inch, which gives a total
of 3.2 bgd, or about 3,600,000 acre-feet per year. The State (idem,
1960, p. 205) shows a total of 3,150,000 acre-feet per year, of which
the Truckee, Carson, and Walker Rivers account for 560,000,
440,000 and 400,000 and the Virgin for 200,000. According to a
report of the U.S. Geological Survey (1960b, p. 54-55) to the Senate
Select Committee on National Water Resources, the flow in the three
western rivers at the stations nearest the Nevada-California line
totals about 589,000, 374,000, and 296,000 acre-feet per year. Consumptive use, natural evapotranspiration, and infiltration to
ground-water reservoirs deplete the flow so rapidly downstream that
it is difficult to determine just how much water crosses a given
political boundary. In any event, between 3 and 4 million acre-feet
per year originates within Nevada, about 1 million acre-feet is
received from California in the Truckee, Carson, and Walker, and
somewhat less than 0.2 million acre-feet is received from Arizona
in the Virgin. The water received in the Virgin is nearly all discharged into Lake Mead, along with a few tens of thousands of
acre-feet contributed in Nevada by Meadow Valley Wash and the
Muddy River. About half a million acre-feet per year flows across
the northern border into Idaho and Oregon, most of it into
tributaries of the Snake.
The total withdrawal use of water in Nevada in 1960 was about
1.9 bgd, or about 2,100,000 acre-feet. Use for public supply was
about Y9 mgd, or 88,000 acre-feet; for rural use 9.6 mgd, or 11,000
acre-feet; for industry 44 mgd of fresh and 3 mgd of saline water,
or about 52,000 to 53,000 acre-feet in all; and for irrigation about
1,800 mgd, or 2,000,000 acre-feet (exclusive of a conveyance loss of
about 380 mgd, or 425,000 acre-feet), of which 960 mgd, or 1,100,000
acre-feet, was consumed. The figures for surface and ground water
were as follows: public supply, 40,000 and 48,000 acre-feet; rural
supply, 3,600 and Y,200 acre-feet; industry, 11,000 fresh surface
water and 38,000 fresh and 3,300 saline (dissolved solids exceeding
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1,000 ppm) ground water; and irrigation, 1,700,000 and 300,000. No
surface water, and only the 3,300 acre-feet of saline ground water,
was used for public-utility fuel-electric power generation.
Natural phreatophytes of low economic value are estimated to
cover about 2,800,000 acres and to discharge about 1,500,000 acre-feet
of water per year (Robinson, 1952, p. 60). The chief varieties are
salt grass, rabbitbrush, salt bush, greasewood, and willow. Saltcedar,
the biggest pest in the warmer States to the south, has not yet made
great inroads in Nevada, but all over the Southwest it is tending to
extend its range northward.
Thus, of the 4 to 5 million acre-feet per year of manageable
water that Nevada receives, it withdraws a little more than 2%
million (a part of which represents the same water used more than
once) and uses up about half of that. Of the rest, all but the roughly
three-quarters of a million acre-feet that leaves across the northern
and southern borders is evaporated within the State. Obviously,
inasmuch as the water is evaporated anyway, Nevada has an opportunity to increase its supply by salvaging some of the water that
now escapes to "sinks," there to evaporate, or is consumed by
natural vegetation along the way. The question is as to the economic
feasibility and the best means of salvage in each area; there is no
question that the salvage is physically possible.
GROUND-WATER RESOURCES

Virtually all the ground water in Nevada is in the alluvial valleys,
and virtually all is replenished by runoff originating in the mountains. Itself an area of internal drainage, the Great Basin is made
up largely of individual alluvial basins of internal drainage,
separated by mountains built of impermeable rocks. There are
important exceptions to these conditions, however. The Humboldt
River represents an integrated drainage basin covering a seventh
or an eighth of the State's area and including its wettest large area.
Some of the bedrocks are permeable, and in places they transmit
sizable quantities of water from one basin to another.
The runoff originating in the mountains sinks into the ground as
it passes over the alluvium at the edges of the alluvial basins. Only
after the heavier storms does the water travel very far over the
surface of the valleys, and only after the heaviest does it reach the
through-flowing streams or the playa lakes in the valley bottoms.
The water that reaches the water table percolates downslope and
emerges in the lower courses of the streams or visibly or invisibly
in and around the playa lakes, there to be discharged by evapotranspiration. On the way, it is withdrawn from wells, to the
extent of about 400,000 acre-feet in 1960; virtually all the water
withdrawn is later evaporated or transpired.
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The total amount of ground-water recharge can be estimated
only very crudely as probably between 1 and 2 million acre-feet per
year. Of the more than 100 alluvial basins, probably less than half
are recharged at a rate of 15,000 acre-feet per year or more, and
some of the drier or smaller ones receive less than 5,000. Few if
any receive as much as 100,000 acre-feet per year.
Ground-water storage is very great in comparison to recharge,
as it is in much of the arid West. On the basis of a conservative
figure of 10 percent for the specific yield, that in Nevada is estimated
as totaling perhaps 200 million acre-feet in the upper 100 feet of
the zone of saturation in the principal valleys several times the
capacity of Lake Mead. The total in the entire volume of valley
fill is much greater, but of course the deeper the water is the less
available it is, and also the less certain is the permeability of the fill
and the quality of the water. All the usable storage is available for
cyclic development, being drawn on during the pumping season and
replenished naturally or with artificial assistance during periods of
runoff. In some valleys where replenishment is very small and
surface water is not feasibly available for artificial recharge, it may
be practical to use the water mostly nonconsumptively, returning it
to the ground after each use and treating it, or putting it to
progressively less critical uses, as its chemical content builds up.
GROUND-WATER STUDIES

A substantial amount of general descriptive information is available on ground water in Nevada. A group of old reconnaissance
water-supply papers of the U.S. Geological Survey cover the southernpart of the State plus two belts extending northward, one from the
general vicinity of Goldfield in Esmeralda County to the vicinity
of Battle Mountain in Lancler County on the Humboldt River, the
other from northern Clark County to the Steptoe Valley in White
Pine and Elko Counties. These include a report on desert watering
places in the part of the State south of the 37th parallel and, west
of the 116th meridian, about as far north as 37°30' (Mendenhall,
1909a) ; and a report on southeastern Nevada including northern
Clark, most of Lincoln, and eastern Nye Counties (Carpenter, 1915).
They include also reports on the Steptoe Valley (Clark and Riddell,
1920); Big Smoky, Clayton, and Alkali Spring Valleys in
Esmeralda, Nye, and Lander Counties (Meinzer, 19l7b) ; the basin
of the Reese River, a principal tributary of the Humboldt River
from the south, and adjacent areas (Waring, 1919a); and the
Pahrump, Mesquite, and Ivanpah Valleys in southwestern Nevada
(Waring, 1921) in the area covered by the old report on desert
watering places.
A program in cooperation with the Office of the State Engineer
(now a part of the State Department of Conservation nad Natural
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Resources), beginning in 1945, has covered a considerable number
of valleys. These include the Lovelock Valley along the lower
Humboldt River in Pershing and Churchill Counties (Robinson and
Fredericks, 1946); the Las .Vegas, Pahrump, and Indian Spring
Valleys (Maxey and Robinson, 1947; Maxey and Jameson, 1948);
the Spanish Spring and Sun Valleys in Washoe County northeast
of Reno (Robinson and Phoenix, 1948); the valley of Meadow
Valley Wash above Caliente (Phoenix, 1948) ; the White River
Valley in White Pine, Nye, and Lincoln Counties (Maxey and
Eakin, 1949); the Paradise Valley, draining into the Humbolt
River in Humboldt County (Loeltz and others, 1949) ; the Grass
Valley in eastern Pershing County and the adjacent part of the
Humboldt River valley in Humboldt County (Robinson and others,
1949); the Fish Lake Valley on the California line in Esmeralda
County (Eakin, 1950); the Goshute-Antelope Valley in southeastern
Elko County (Eakin and others, 1951) ; the vicinity of Elko on the
Humboldt River in Elko County (Fredericks and Loeltz, 1951);
the Ruby Valley in Elko and White Pine Counties (Eakin and
Maxey, 1951a) ; the Clover and Independence Valleys in Elko
County (Eakin and Maxey, 1951b) : the Railroad, Hot Creek,
Reveille, Kawich, and Penoyer Valleys in Nye, Lincoln, and White
Pine Counties (Maxey and Eakin, 1951) ; the Buena Vista Valley
in Pershing County (Loeltz and Phoenix, 1955) ; and the Quinn
River Valley in Humboldt County (Visher, 1957). A new series of
brief appraisal reports so far has covered the Newark Valley in
White Pine County (Eakin, 1960), the Pine Valley in Eureka and
Elko Counties (Eakin, 1961a), the Long Valley in White Pine and
Elko Counties (Eakin, 1961b), the Pine Forest Valley in Humboldt
County (Sinclair, 1962a), the Imlay area in the Humboldt River
basin in Pershing County (Eakin, 1962a), the Diamond Valley in
Eureka and Elko Counties (Eakin, 1962b), the Desert Valley in
Humboldt and Pershing Counties (Sinclair, 1962b), the Independence Valley in Elko County (Eakin, 1962c), and the Gabbs
Valley in Mineral and Nye Counties (Eakin, 1962d).
A report by Livingston (1941) evaluated the leakage from artesian
wells in the Las Vegas Valley and concluded that it was responsible
for only a small part of the decline in artesian head that had been
observed. A recent report by Loeltz (publication pending), prepared
for the Department of Defense, describes ground water at the
Lake Mead Base in the Las Vegas Valley.
Water-supply papers of the Geological Survey completed in recent
years include those on the Smith Valley in Lyon and Douglas Counties (Loeltz and Eakin, 1953), the Winnemucca Lake Valley in
Pershing and Washoe Counties (Zones, 1961a), the Crescent Valley
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in Eureka and Lander Counties (Zones, 1961b), the Kings Eiver
Valley in Humboldt County (Zones, 1962a), the Fernley-Wadsworth
area east of Eeno in Churchill, Lyon, and Washoe Counties (Sinclair
and Loeltz, publication pending), and the Humboldt Eiver Valley
near Winnemucca (Cohen, two reports, publication pending).
Brief open-file reports describe ground-water conditions at a
number of places: Austin, Lander County (Phoenix, 1949b);
Tonopah, Nye County (Phoenix, 1949a) ; Schurz, Mineral County
(Eobinson, 1950) ; Whisky Flat, also in Mineral County (Eakin and
Eobinson, 1950); Verdi, Washoe County (Eobinson and others,
1951); "The Strip" near Las Vegas (Leoltz, 1952); Battle Mountain, Lander County (Loeltz, 1953); and Orovada, Humboldt
County (Loeltz, 1954).
The Big Smoky Valley is one of the type areas covered in a
report on subsurface storage facilities in the United States issued
by the House Committee on Interior and Insular Affairs (Eobinson,
1953).
The geochemistry of thermal water at Steamboat Springs is discussed by Brannock and others (1948). The water is very hot but
is not very concentrated, suggesting that meteoric water dilutes the
water rising from cooling igneous rocks and perhaps constitutes
the bulk of the flow. That the water is largely meteoric is confirmed
by studies of isotopes of oxygen and other elements. The springs
are of great interest to geologists because of the exceptional variety
of the minerals deposited from the hot water.
The occurrence of water in bedrock, which is significant in mining
areas and may be more significant in interbasin movement of ground
water than has been generally realized, is discussed in a paper
describing the troubles encountered in attempting to unwater the
Fad shaft near Eureka, Nev. (Stuart. 1955).
The Humboldt Eiver research project, a cooperative State-Federal
program designed to throw light on the water budget of the Humboldt Eiver basin and the best methods of conserving and utilizing
the water, is described in a report of the Nevada Department of
Conservation (1961) and in reports by Cohen (1961; Cohen, two
reports, publication pending). The studies began in the vicinity
of Winnemucca but eventually will be expanded to cover the whole
basin. (See also Dudley and McGinnis, 1962.)
Lake Mead, currently important and potentially even more
important as a source of water for the water-short southern tip of
Nevada, is described comprehensively in a report (Smith and others,
1960) aimed mainly at predicting the rate at which the lake will
fill with sediment. A brief account is given by Thomas (1954). The
results of the study are reassuring. Under conditions current at
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the time Thomas wrote his report it was estimated that it would
take a century for sediment to fill the reservoir to the level of the
lowest gates in the intake towers. Lake Powell, the reservoir to be
formed by the Glen Canyon Dam, and other upstream development
on the Colorado will reduce the sediment inflow to Lake 'Mead and
will extend the life of that reservoir considerably beyond the period
estimated in the 1954 report.
A brief report by Loeltz (1961), one of an annual series, describes
the progress of ground-water investigations in Nevada. A good
summary of the ground-water situation in Nevada as of 1960 is
found in the published version of the report by Loeltz and Malmberg
(1961) on which this section is largely based.
The results of studies of possible sites for stock-watering wells
made in the Ely Grazing District of the Bureau of Land Management have been summarized for publication (Snyder, 1962a).
Finally, Nevada's place in the nuclear age is brought out in a
series of reports on various phases of the geology and hydrology
of the Nevada Test Site of the Atomic Energy Commission. One
of the recent reports discusses, for example, the occurrence of ground
water in'the Oak Spring Formation and the effect on it of underground nuclear explosions (Clebsch, 1960). Another outlines the
probability that ground water beneath the three principal valleys
on the test site flows southwestward out of the site, in part beneath
mountain divides which here do not act as the hydrologic barriers
they are commonly assumed to be (Winograd, 1962).
PRESENT AND POTENTIAL GROUND-WATER DEVELOPMENT

In some 57 valleys or parts of drainage basins in Nevada the
annual recharge of ground water is estimated to be not less than
5,000 acre-feet. In most of the rest of the more than 100 valleys the
recharge is less than 5,000 acre-feet per year; in a few it may be
more but cannot be estimated even roughly at present. These
generally less productive valleys may have individual rates of
recharge ranging from a few hundred to a few thousand acre-feet
per year and may average a thousand or more; hence, they can
furnish useful perennial supplies, or larger short-term supplies.
The 57 areas are listed below, with brief statements in telegraphic
style as adapted from the report of Loeltz and Malmberg (1961).
Under "Current situation" the word "use" refers to that of ground
water unless surface water is mentioned specifically. Under
"Ground-water potential" the word "supply" refers to the quantity
that seems reasonably recoverable, on a perennial basis, from the
ground-water recharge, unless "recharge" or "replenishment" is
mentioned specifically.
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Area
Snake River basin:
Basins of Salmon Falls
and Goose Creeks
and tributaries.
Basins of South Fork
and main stem of
Owyhee River and
Bruneau River and
minor streams.
Great Salt Lake basin:
Montello area, Elko
County.
Sevier Lake basin:
Snake Valley, White
Pine County.
Humboldt River basin:
Marys River valley,
Elko County.
Basin of North Fork
Humboldt River,
Elko County.
Maggie Creek basin,
Elko County.
Huntington and
Lamoille Valleys,
Elko County.
Elko area, Elko
County.

Pine Creek Valley,
Elko County.

Battle Mountain area
and Boulder Valley,
Eureka and Lander
Counties.
Crescent Valley,
Eureka and Lander
Counties.
Reese River Valley,
Lander County.

Current situation

1960 use about 5,000
acre-feet.
1960 use small._____

1960 use small.

Ground-water potential

Unknown but may be
several times current
use.
Unknown but significant.

Do.

1960 use about 15,000
acre-feet from wells
and springs.

Total supply probably
not more than twice
current use.

1960 use 350 acre-feet.

Substantial, but heavy
ground-water pumping
would interfere with
surface-water rights.
Do.

1960 use small.
.do-

Do.

.do.

Do.

1960 use 2,600 acrefeet for municipal
supply; occurrence
of thermal water
limits use locally.
1960 use about 4,000
acre-feet.

1960 use about 2,200
acre-feet.
1960 use about 2,000
acre-feet.
1960 use about 4,000
acre-feet in lower
valley, including 100
for public supply of
Battle Mountain;
use in upper valley
is less.

Total supply unknown
but may be as much as
twice current use.
About 20,000 acre-feet
more could be pumped,
but development would
interfere with surfacewater rights.
Considerable, but heavy
ground-water pumping
may interfere with
surface-water rights.
About 10,000 acre-feet
more available.
Total supply unknown
but estimated to be
25,000 to 35,000 acrefeet per year.
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Humboldt River basin
Continued
Kelley Creek basin,
Humboldt and Elko
Counties.

Currertt situation

1960 use small.

Paradise Valley,
Humboldt County.

1960 use about 6,500
acre-feet.

Grass Valley, Humboldt County.

1960 use about 5,000
acre-feet.

Lovelock Valley,
Pershing County.

1960 use about 1,000
acre-feet; water
highly mineralized
in southern and
much of northern
part of valley.

Truckee River basin:
Truckee Meadows,
Reno-Sparks area,
Washoe County.
Carson River basin:
Carson Valley,
Douglas County.

Walker River basin:
Smith Valley, Lyon
and Douglas
Counties.
Mason Valley, Lyon
County.

Basins in northern Great
Basin not draining to
principal streams:
Clover and Independence Valleys, Elko
County.
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Ground-water potential

Substantial, but development may interfere to
some extent with
surface-water rights.
About 15,000 acre-feet
per year available
perennially.
About 10,000 acre-feet
per year available
perennially.
Total supply of goodquality water several
times current use;
available mainly along
northeast flank of
valley.

1960 use about 2,000
Total supply available
acre-feet, mainly for
estimated to be conpublic supply; water
siderably more than
warm or highly
10,000 acre-feet per
mineralized locally.
year.
1960 use about 7,000
acre-feet; water
table high in some
areas.

Total potential unknown,
but an estimated 10,000
acre-feet per year
could be salvaged from
e vapotranspiration.

1960 use about 3,000
acre-feet.

Total of about 5,000
acre-feet per year
available without undue
interference with surface-water rights.
1960 use about 3,000
Large supplies could be
acre-feet by industry
pumped, but developand several thousand
ment would be limited
for supplemental
by surface-water rights.
irrigation.

1960 use in Clover
Valley about 3,000
acre-feet from
springs, very little
from wells; use in
Independence Valley
small.

Annual recharge to Clover
Valley about 20,000
acre-feet, to Independence Valley about
10,000 acre-feet; about
10,000 acre-feet per
year available from
wells in Clover Valley,
about 2,000 acre-feet
in Independence Valley.
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Area

Current situation

Ground-water potential

Basins in northern Great
Basin Continued

Ruby Valley, Elko and
White Pine Counties.
Butte Valley, White
Pine County.
Goshute-Antel ope
Valley, Elko
County.
Long Valley, White
Pine and Elko
Counties.
Jakes Valley, White
Pine County.

Steptoe Valley, White
Pine and Elko
Counties.
Spring Valley, White
Pine County.
Newark Valley, White
Pine and Eureka
Counties.
Diamond Valley,
Eureka and Elko
Counties.
Grass Valley, Lander
and Eureka Counties.
Antelope-Kobeh
Valleys, Eureka
County.
Monitor Valley, Nye
and Lander
Counties.
Smith Creek Valley,
Lander County.

1960 use about 5,000
acre-feet from
springs.

About 20,000 acre-feet per
year available in area
north of Franklin
Lake.
1960 use small. _____
About 5,000 acre-feet per
year available.
1960 use 2,000 acreTotal supply estimated
feet or less, princiat 10,000 acre-feet per
pally from springs.
year. Ground-water
storage very large.
1960 use negligible _ Annual recharge estimated at 10,000 acrefeet.
No development in
Annual recharge estimated
1960; depth to water
at 13,000 acre-feet;
excessive for irrigawater believed to distion.
charge to White River
Valley.
1960 use about 5,000
Total supply unknown
acre-feet from
but may approximate
springs and 1,000
50,000 acre-feet per
acre-feet from
year.
wells.
1960 use about 5,000
Total supply unknown
acre-feet from
but estimated at
25,000 acre-feet per
springs and 5,000
acre-feet from wells.
year.
1960 use about 5,000
Total supply estimated
acre-feet from
at 18,000 acre-feet
springs and a few
per year.
hundred acre-feet
from wells.
Total supply unknown
1960 use about 4,000
acre-feet from
but estimated to be
at least 20,000 acresprings and 8,000
acre-feet from
feet per year.
wells.
1960 use negligible__ Total supply unknown
but may be on order of
10,000 acre-feet per
year.
Total supply unknown
1960 use about 1,000
but estimated
acre-feet, mostly
from flowing wells
at 5,000 acre-feet per
and springs.
year.
Total supply unknown
1960 use small. _____
but may exceed
10,000 acre-feet per
year.
.do.
Total supply unknown
but may exceed 5,000
acre-feet per year.
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Basins in northern Great
Basin Continued
Dixie Valley, Churchill and Pershing
Counties.

Current situation

1960 use small, mostly
from flowing wells.

Buena Vista Valley,
Pershing County.

1960 use a few hundred acre-feet.

Quinn River Valley,
Humboldt County.

1960 use about 32,000
acre-feet; water
levels declining,
interference between
wells, especially in
Orovada area.
1960 use about 22,000
acre-feet.

Kings River Valley,
Humboldt County.
Black Rock and
Smoke Creek
Deserts, Humboldt
and Washoe
Counties.

Long Valley, Washoe
County.
Southern Great Basin:
Big Smoky Valley,
Nye, Lander, and
Esmeralda Counties.
Fish Lake Valley,
Esmeralda County.

Ralston Valley, Nye
County.

1960 use 20,000 acrefeet or more.
Development scattered, mostly from
springs and springfed streams.
Highly mineralized
water beneath most
playas.
1960 use about 500
acre-feet.

Total supply unknown
but estimated at
10,000 acre-feet per
year.
Total supply estimated
at 10,000 acre-feet
per year.
Average annual replenishment estimated at
24,000 acre-feet.

Average annual replenishment estimated at
15,000 acre-feet.
High-capacity wells
possible at mouths of
.larger streams entering
deserts. Each such
area represents an
individual supply
whose potentiality
will have to be determined separately.
Total supply unknown
but may exceed 15,000
acre-feet per year.

1960 use about 1,500
acre-feet.

Total supply probably
exceeds 30,000 acrefeet per year.

1960 use about 5,000
acre-feet from
springs and 4,000
acre-feet from wells.
1960 use small, principally for municipal supply.

Total supply estimated
at 30,000 acre-feet
per year.

Hot Creek Valley, Nye
County.

1960 use about 1,000
acre-feet.

Railroad Valley, Nye,
White Pine, and
Lincoln Counties.

1960 use about 10,000
acre-feet from
springs and 1,000
acre-feet from wells.
1960 use about 500
acre-feet.

Penoyer Valley, Nye
County.

Qround-water potential

Total supply unknown
but probably less than
10,000 acre-feet per
year.
Total supply estimated
at 10,000 acre-feet per
year.
Average annual recharge
estimated at 50,000
acre-feet. Amount of
arable land limited.
Total supply probably
between 5,000 and
10,000 acre-feet per
vear.
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Area

Current situation

Southern Great Basin Con.
Sarcobatus Flat, Nye
1960 use small.
County.

Amargosa Desert Ash
Meadow Valley,
Nye County.

1960 use in Amargosa
Desert about 2,000
acre-feet. Springs
in Ash Meadow
Valley discharge
about 18,000 acrefeet per year,
mostly used by salt

Pahrump Valley,
Clark and Nye
Counties.

1960 use about 26,000
acre-feet from 65
wells and several
springs; water levels
locally have declined 100 feet or
more.

Lower Colorado River basin:
White River Valley,
1960 use about 20,000
acre-feet from
White Pine, Nye,
and Lincoln
springs and 2,500
acre-feet from wells.
Counties.

Lake Valley, Lincoln
County.
Meadow Valley Wash
above Caliente,
Lincoln County.
Pahranagat Valley,
Lincoln County.

Upper Moapa Valley,
Clark County.

1960 use about 4,000
acre-feet from
springs.
1960 use about 3,000
acre-feet from wells
and 4,000 acre-feet
from springs.
1960 use about 15,000
acre-feet from
springs and a few
thousand from wells.
Considerable area
formerly waterlogged but most
now drained.
1960 use about 4,000
acre-feet from wells
and 5,500 acre-feet
from springs; water
moderately mineralized in parts of area.

Ground-water potential

Total supply available
unknown, but recharge
probably exceeds 5,000
acre-feet per year.
Recharge to Amargosa
Desert unknown but
probably less than
10,000 acre-feet per
year. Spring discharge in Ash Meadow
Valley represents
amount of recharge to
valley; water possibly
available for export.
Average annual replenishment estimated at
23,000 acre-feet.

Total supply available
about 53,000 acre-feet
per year, including an
estimated 13,000 acrefeet of underflow from
Jakes Valley.
Total supply unknown
but estimated at 10,000
acre-feet per year.
Average annual recharge
estimated at 11,000
acre-feet; recoverable
part unknown.
Total ground-water discharge, including evapotranspiration from
6,000 acres of cropland
and remaining small
waterlogged areas,
about 25,000 acre-feet
per year; recoverable
part unknown.
Annual flow of spring-fed
Muddy River is about
30,000 acre-feet, much
of which is used in
lower Moapa Valley.

NEVADA

Area
Lower Colorado River basin
Continued

Current situation

Lower Moapa Valley,
Clark County.

1960 use about 15,000
or 16,000 acre-feet,
principally from
Muddy River.

Las Vegas Valley,
Clark County.

1960 use about 53,000
acre-feet, mostly for
public supply; includes about 8,000
acre-feet for irrigation. Water levels
have declined, in
places more than
100 feet. Additional irrigation
wells prohibited in
highly developed

517
Ground-water potential

Potential for irrigation
with ground water
limited by quality of
water and existing
water rights.
Average recharge to artesian ground water estimated at 25,000 acrefeet per year; water
imported from Lake
Mead to supplement
ground water (about
17,600 acre-feet in
1960).

PROBLEMS

Most of Nevada's water problems, current and potential, of course
relate to the adequacy of the total supply in relation to needs. The
State is fortunate, and almost unique among the dry States, in the
proportion of its recoverable water that is still available for development. On the other hand, the widespread occurrence of ground
water, though of itself an attractive feature, means that the
replenishment is spread pretty thin and the water supplies of
individual valleys can be easily overdeveloped.
OVERDEVELOPMENT

To date only the Las Vegas and Pahrump Valleys are substantially
overpumped and the Quinn River and Kings River Valleys are at
least approaching and probably have exceeded full development. The
reason that more valleys have not been overdeveloped lies in the
remoteness of most valleys and in the shortness of the growing season, which is as little as 80 days in the northern part of the State
though it is 100 days or more nearly throughout the State and is as
much as 300 days at the southern tip. Progress in agriculture which
has caused ground-water irrigation to grow northward in other
States is having its effect in Nevada, and use of water for industry
and public supply also will increase. Hence, in valley after valley,
it will be necessary to determine more accurately than has been possible from the reconnaissance studies how much water is available.
The obvious solution to the overdevelopment in the Las Vegas
Valley is importation of more water from Lake Mead. It is still
cheaper to pump ground water than to import surface water, how67131© O 63
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ever, so it will be in the interest of the area to continue exploiting
the ground water at the maximum feasible rate. Nevertheless, a
decrease in withdrawal is obviously necessary because the current
rate is twice the estimated rate of recharge.
The overdevelopment in the Pahrump Valley could be alleviated
somewhat by more conservative use of water. Importation of water
is another possibility. The Ash Meadow Valley is a possible source
if arrangements can be made for sale or transfer of existing rights
to the spring flow in that valley.
In most of the valleys in the State, however, importation of water
from other areas is not feasible under present conditions, and perennial development will have to stay within the limits of eactt valley's
water supply. A great deal can be done in many valleys to salvage
unused flood flows and water now discharged by evapotranspiration.
The flood flows can be captured and the water allowed to flow down
the valleys at a rate that will permit its absorption by the ground.
Water now transpired by low-value phreatophytes or evaporated
from playa lakes can be salvaged by intercepting it before it reaches
the areas of evapotranspiration. Obviously, these things cost money
and in many areas may not be feasible under existing conditions,
especially if the water is desired for irrigation of crops whose value
is not great enough to justify a high cost of water per acre-foot.
Many industrial uses do not require much water and can tolerate a
cost per acre-foot much higher than is possible in irrigation, so
encouragement of industry would be one means of getting the most
out of limited water supplies. However, owing to the remoteness
of many of the valleys and the problems it introduces in labor supply,
shipping, etc., use of water for irrigation will tend to continue to
precede that for industry.
QUALITY OF WATER

As might be expected from Nevada's aridity and its habit of discharging its own water by evaporation, mineralization of ground
water is a problem. The water that percolates into and moves through
the valley fill gradually dissolves soluble matter and becomes progressively more mineralized as it moves to the areas of discharge.
In many of those areas the water is saline and will gradually become
more so. The salinity limits the usefulness of the water in a given
area and also poses a threat to efforts in adjacent areas to salvage
the water by intercepting it where it is'still fresh enough to use.
Areas where the ground water is known to be moderately to highly
saline may total 1 to 2 million acres. Large quantities of water of
good quality are present nearer the valley margins, however.
Deposition of the valley fill took several million years. The history
of deposition included many hydrologically complex events, including cycles of wet and dry weather and structural movements that
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controlled the kind and texture of sediment furnished to the valleys
and the places where it was deposited. During a wet period a valley
might fill up with water and overflow to a lower valley, so that the
salt in the water would be carried off. If there was enough water, a
lake might form, instead of just a stream. The sediments deposited
in the lake would be largely fine grained, as the coarser materials
could not be carried very far into it. As the weather became drier,
the overflow from the valley would cease and the salt in the water
would accumulate with the sediment as the water evaporated, along
with the salt from the water that continued to move from the edges
of the valley to the lowest part of the lake.
Such things happened several times during the Pleistocene
Epoch and perhaps repeatedly during the late Tertiary when the
lower part of the valley fill accumulated. Thus, in the lower parts
of many valleys, and perhaps in larger areas at depth than near the
surface, the sediments are both fine grained and salty and hence
are not promising as sources of water. Information on the sediments
at depth is lacking for most of the valleys how permeable they
are, what their storage capacity for water is, and how mineralized
their water is. Certainly there is enormous ground-water storage
in the valley fill, but to the extent that the water is highly
mineralized and is in fine-grained sediments its use will be more
costly than that of fresher water in more productive sediments.
Thus, uncertainty as to the character of the deeper fill is a question
mark in all the valleys.
Quality-of-water problems associated with excessive concentrations of minor constituents as well as with total salt content are
becoming apparent as more data are collected. The most common
troublesome constituents are iron and manganese, fluoride, and
boron. Among known areas of excessive iron and manganese
content in the ground water are places in the Washoe Valley between
Reno and Carson City, the valley of the Humboldt River just west
of Winnemucca, the Lemon Valley north of Reno, and the Truckee
Meadows. Concentrations of fluoride exceeding the limit of 1.5 ppm
prescribed by the U.S. Public Health Service for drinking water
occur in the Hawthorne area south of Walker Lake and in several
other localities. Concentrations of boron harmful to the crops
commonly grown in Nevada have been noted in several localities.
YIELD OF WELLS

Obtaining wells of moderate to large yield is difficult in many
areas, especially in parts of south-central and southern Nevada.
Even in some valleys where good yields are available locally, there
are large areas where the sediments are prevailingly fine grained
and specific capacities of wells are small a fraction of a gallon
to a few gallons per minute per foot of drawdown.
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DRAINAGE

Drainage problems are serious in some areas. The water table
is shallow in all areas where ground water is discharged by
evapotranspiration, but in some such areas the water is already
saline and the land cannot be farmed unless it is drained and the
soil is leached with fresh water. Most of the problems that are
serious under present conditions have arisen where large quantities
of surface water have been applied for irrigation and the underlying sediments are not permeable enough to keep the water table
from rising. The Fallen, Lovelock, and Truckee Meadows areas are
but a few of those where such problems have arisen. The solution
is drainage in many places possibly effected or assisted by pumping
ground water and perhaps more conservative application of irrigation water. Naturally, detailed hydrologic studies are prerequisite to the success of any measure that might be attempted.
GROUND-WATER TEMPERATURE

Ground-water temperatures are high in hundreds of places,
commonly in tectonically active 'areas. The principal problems to
date have arisen where ground water is developed for public supply,
as at Elko, Keno, and Sparks. In some areas, including parts of the
Truckee Meadows, water of normal temperature is not available
in even the small quantities needed for domestic supply.
INTERBASIN MOVEMENT OF WATER

To evaluate the water supply of a valley that is completely closed
hydraulically is simpler than to evaluate the supply of a valley
that is not. Nevada has many valleys that represent closed hydraulic
systems, but it has many others that do not. Valleys connected by
through-flowing streams such as the Humboldt River and some of
its tributaries are examples of "open" systems. There is flow between
valleys in the streams, and generally some underflow also though
in places the streams flow in narrow valleys cut in tight rocks and
underflow is negligible. There are other valleys which are closed
topographically but not hydraulically; there is underflow into or
out of them, or both. Frenchman Flat and Yucca Flat in the
Nevada Test Site (Winograd, 1962) and Gold Flat to the northwest
are examples, and there may be many others about which not
enough is known to say. Most of the known valleys that have
hydraulic connections with others, whether or not they are closed
topographically, are in southern and eastern Nevada.
The underground connection may be through valley fill in the
topographically low places separating the bounding mountain
ranges. Most of the valleys are connected by at least superficial
deposits of alluvium, but the deposits may be high above the water
table or too thin to carry much water even if saturated. Until
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detailed studies are made not even the simple existence, or lack of
existence, of an alluvial connection can be determined. Still more
difficult are the problems introduced by connections through bedrocks
which commonly are thought to be impermeable but which include
rocks, especially limestone, that may be permeable. Such connections have been shown to exist in the Nevada Test Site and undoubtedly exist elsewhere, though none are known in enough detail to
enable saying just where they are, how far they extend, how and
where water gets into them and where it goes, and how much water
there is. It has been conjectured that some of the water discharged
in Death Valley, Calif., may originate as much as 30 miles north of
Tonopah, Nev. Large springs in 'the drainage areas of the White
River and Meadow Valley Wash and in the Ash Meadow Valley
seem to discharge too much water to be accounted for by recharge
within their respective surface drainage areas. Where does the water
originate? So long as such conditions exist in some valleys, the
water supply of every valley is suspect until detailed study reveals
all its secrets.
WATER RIGHTS

Problems involving water rights have developed in several areas
in Nevada and will become progressively more numerous and
involved as development of water increases, in spite of the fact that
Nevada has an excellent system of water law (Hutchins, 1955a).
Some of the problems involve the interbasin connections described
above. For example, where and how may a new water development
affect the supply of, and hence the rights to the use of, the large
springs in the Ash Meadow Valley or other large springs in the
State ? Legal problems may arise in numerous hydrologic situations,
wherever water rights have been established and new or existing
developments may eventually encroach on those rights.
Perhaps the commonest situation will be where a long-established
surface-water right is affected by a relatively new ground-water
development. Nevada in 1885 repudiated the riparian rule and
adopted the doctrine of prior appropriation (idem, p. 5). The latest
reenactment of the present water code was that of 1913, and a
specific ground-water statute was enacted in 1939 (Nevada State
Engineer, 1952). Most appropriations of surface water were made
years ago, whereas most ground-water appropriations were made
later. There would seem to be no doubt that a ground-water
development that clearly infringed on a prior surface-water right
could be enjoined. Commonly, however, the effects of a ground-water
development grow slowly, and it may be difficult to demonstrate to
the satisfaction of a court that there is a clear infringement of a
surface-water right. The ground-water development may be
salvaging some water previously evaporated and transpired, and so
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to this extent may not be reducing the surface-water supply.
Similarly, the ground-water development might be capturing some
water that was on its way to another basin, as well as some that
was on its way to the stream on which the right is under dispute.
Pumping ground water might create storage space in an aquifer
that was previously full to overflowing, and streamflow that formerly could not enter the aquifer and went to waste in a sink might
now recharge the ground-water reservoir. In fact, in essence this
is the one way in which Nevada's usable water supply can be
substantially increased. But some of the surface water that formerly
bypassed the ground-water reservoir may be subject to appropriative
rights acquired years ago. To demonstrate the exact extent of
infringement on the surface-water right may be very difficult. Still
more difficult would be a determination of where the public interest
lies in a development that would increase the total water supply
but could not be undertaken without some effect on prior rights.
Problems of this kind are common wherever water rights are a
matter of significance in the West, and in Nevada as elsewhere they
will require many difficult decisions. Such problems already have
arisen in Nevada, notably in the valleys of the Humboldt River
and its tributaries and in the Truckee Meadows and in the Carson,
Smith, and Mason Valleys.
Problems of interstate division of ground water have not yet
arisen, but they may develop eventually in any of a dozen valleys that
lie on State lines. Of course, Nevada has long been involved in
negotiations and compacts affecting water rights along streams that
cross or run along its borders, especially with other States of the
Colorado basin concerning the water of the Colorado River but also
with California concerning the Truckee, Carson, and Walker Rivers
and with Idaho concerning the Salmon Falls River.
Nevada is the site of one of the problems that has arisen in
relation to Federal and State rights involving water. The Navy
at its Ammunition Depot near Hawtliorne had applied under the
State ground-water law for a permit covering some newly drilled
wells. Just before the permit was to be issued, the Navy abandoned
its application, citing as its authority the "Pelton Dam" decision
of the Supreme Court in 1955. That decision (Federal Power
Commission v. Oregon, 349 U.S. 435) confirmed the right of the
Federal Power Commission to issue a license for a power project
on the. Deschutes River over the objection of the State, which had
refused to issue a license. Several bills have been introduced in
Congress to clarify the relation between State and Federal rights
and powers in the field of water resources, and Nevada has a
substantial stake in the outcome because a large part of the State's
area is public land.
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The subject of preferential uses is becoming more significant.
An amendment to the ground-water statute gives the State Engineer
the authority to designate preferred uses in areas where ground
water is being depleted, when acting on applications to appropriate
water for different uses. It is not clear whether the authority applies
to applications received on different dates but still pending, or only
to applications received on the same day. Under the authority of
this amendment, the drilling of additional irrigation wells is prohibited in the highly developed part of the Las Vegas Valley,
though public-supply wells can still be drilled. The law exempts
domestic wells to the extent of 1,440 gallons per day per household.
NEVADA TEST SITE

A subject of significance is the effect on Nevada's water resources
of activities at the Nevada Test Site of the Atomic Energy Commission. A study of the direction and rate of movement of ground
water beneath Yucca Flat is underway (Winograd, 1962), and
similar studies are proposed for the rest of the test site. The paper
by Clebsch (1960) cited previously is another of the products of
the studies to date.
PROSPECTS AND NEEDS

Nevada has both the need and the opportunity to develop its
limited available water supply to a very high degree. At a time
when the attractions of living and doing business in the West are
resulting in a rapid growth in population, Nevada was the leader
among the States in percentage of growth from 1950 to 1960, if still
the smallest in total population. The growth in population confirms
the need for maximum water-resources development. Nevada is
fortunate in having such a large proportion of its water still available for development, and in having so much of it distributed widely
in the form of ground water. In a West in which the dry States,
or parts of them, are so commonly short of water, it is refreshing
to see that in the driest State the ground water in only 4 of more
than 100 valleys has been fully developed or overdeveloped.
Many obstacles intervene between the need for and the achievement of maximum development, however. They relate chiefly to
informational needs and to problems of economic feasibility, rather
than to an overall shortage of water. Significantly, each of the 10
water problems listed by the State in its presentation to the Senate
Select Committee involves an informational need (State Officials,
1960, p. 205-206; see also Loeltz, 1961) : (1) basic data on precipitation, streamflow, ground-water levels, and evaporation and
transpiration, and the topographic maps that facilitate the gathering
of these data; (2) feasibility of salvaging water used by low-value
phreatophytes; (3) a stepped-up program of ground-water studies;
(4) a Statewide survey of sites for small reservoirs that could
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increase water supply without causing inordinate loss by evaporation; (5) study of the effectiveness of present irrigation practices
and of methods for improving them; (6) study of opportunities for
large-scale upstream surface storage and of possible benefits in
streamflow regulation, capture of presently unused flood flows,
reduction of flood and sediment damage, and wildlife conservation;
(7) study of drainage problems; (8) study of methods of watershed
treatment to reduce floods and erosion; (9) study of methods to
prevent or correct pollution of streams, lakes, and reservoirs; and
(10) study of the recreational potential of the State's water resources.
In addition, the State suggests increased emphasis on research
in weather modification, with an eye toward the possibility of
increasing the snow catch of the mountains especially in the north;
in reduction of evaporation from stock ponds and reservoirs; and in
demineralization of saline water.
Once the informational needs are satisfied, there is still the problem
of determining the economic, legal, and political feasibility of each
proposed project for conserving or developing water. In spite of
its large size and the number of its valleys, Nevada has a good
general understanding of its ground water, as is obvious from the
fact that even rough estimates of quantities of water available can
be made for so many of the valleys. In its unused water it has a
splendid asset for attracting new water users, and in its water law
it has a sound mechanism for regulating water development to
produce the best results over the long term, in spite of the many
difficulties that will arise in making individual decisions. All in all,
then, our driest State can rank itself as far from the least fortunate
so far as future problems and promise are concerned.
NEW HAMPSHIRE

Large surface-water supply and locally substantial ground-water supply;
few critical problems at present but much hydrologic information and planning
needed to assure water supplies for future. Precipitation from about 40 inches
to 70 inches or more; averages about 43 inches. Runoff from about 18 inches
to 50 inches or more and averages about 22 inches for total of about 10 bgd.
Water available from Connecticut River on western border and from Salmon
Falls River on part of eastern.
Ground water available from bedrock and glacial drift. Bedrock yields
enough water for domestic use and locally enough for small towns or industries. Glacial drift yields small supplies in uplands and moderate to large
supplies locally in lowlands. Quality of both surface and ground water generally good. Estimated water use in 1960 about 31 mgd fresh ground water
and 190 mgd fresh and 250 mgd saline surface water, plus about 30 bgd for
hydropower.
Needs expressed by State officials include flood-plain zoning; more information on ground water; additional conservation storage of surface water to
increase dry-season flow; greater consideration of recreational uses in surfacewater projects; continued emphasis on pollution control; and research on
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weather modification, best land uses and effect of land management on runoff,
conversion of saline water, and other hydrologic subjects. Possibility of dam
to create fresh-water reservoir iri Great and Little Bays suggested.

New Hampshire, the ruggedest New England State, has generous
precipitation and runoff, generally adequate water supplies, and few
serious water problems either now or anticipated for some time to
come. Water uses are moderate and generally have been satisfied at
reasonable cost.
The State lies in the Glaciated Appalachian ground-water region
and in the Seaboard Lowland, New England Upland, and White
Mountain sections of the New England physiographic province.
More than 85 percent of the State is forested. It contains the highest
mountain in the Northeast, Mount Washington at 6,288 feet in the
White Mountains. The precipitation on and runoff from the higher
northern part of the State are high, as would be expected.
The bedrocks in about two-thirds of the State's area are sedimentary rocks of Ordovician to Devonian age, metamorphosed
to varying degrees (Billings, 1955). Areas totaling about one-third
of the State's area are underlain by intrusive rocks, mostly of
Devonian and Mississippian age. Those of Mississippian age predominate in the central and northern parts of the State. Intrusive
rocks of Ordovician age underlie some areas in the extreme western
and northeastern parts of the State, and intrusive rocks of possible
Precambrian age underlie a small part of the coastal area. The
bedrocks carry water mostly in fractures, which in the few small
areas of limestone or marble have been enlarged somewhat by solution. The average permeability of the bedrocks is low, and well
yields generally are small. Locally enough water, a few tens of
gallons per minute, is obtained to supply a small town or industry.
The bedrocks are covered by glacial till and stratified drift in
the lowlands and are mantled thinly by till, or are exposed, in the
uplands. The distribution of glacial and postglacial unconsolidated
deposits is shown on a map by Goldthwait (1950).
The glacial drift consists of the two major types recognized in
New England, unsorted till and water-sorted "stratified drift." The
stratified drift includes permeable sand and gravel and less permeable clay and silt, according to whether it was laid down by
vigorously flowing streams or was deposited in the quiet waters
of lakes. It forms the surficial deposit in most of the lowlands,
where it is generally underlain by till resting on bedrock. Near the
coast it is mantled by or interbedded with marine clay and silt.
The permeable beds in the stratified drift are the best aquifers of
the State.
The till is of low permeability, but lenses of sand or gravel within
it yield small supplies. It mantles the rocks in the uplands, where
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it is generally thin and in many small areas is missing. In the
southern third of the State, as in similar areas elsewhere in New
England, the deposits of till include those in the rounded, oval iceformed hills called "drumlins," some of which are more than 100
feet high. The till was once the standard source of rural water
supplies in the uplands, which were obtained from wells dug some
distance into till and commonly to "ledge" at the base of the till.
Such wells are rapidly being replaced by more reliable and more
sanitary drilled wells penetrating bedrock.
The precipitation, like that in the rest of New England, is
generous and, in view of the cool climate, ample for the growth of
most crops. It is generally rather well distributed throughout the
year. It ranges from a little less than 40 inches in the west-central
part of the state to 70 inches or more in places in the north-central
part. It averages about 44 inches in the northern third of the
State and 41 inches in the southern two-thirds and averages about
43 inches in the State as a whole.
The runoff is as little as 18 inches in the west-central part of the
State, 20 inches or a little more in the southern part, and 50 inches
or more in the highest parts of the White Mountains. According
to computations made in 1951 by C. H. Hardison of the U.S. Geological Survey (unpublished data) from the runoff contours of
Langbein and others (1949) reproduced in plate 1, New Hampshire
shares with Maine and Vermont the record for the highest average
rate of runoff in the conterminous States 25 inches per year. Data
cited by Knox and Nordenson (1955) lead to slightly lower figures
22 inches for New Hampshire and Maine and 23 inches for
Vermont.
The Connecticut River on the western border of New Hampshire
increases in flow from about 1.0 to 6.9 bgd from north to south
(U.S. Geol. Survey, 1960b, p. 84-85). The Androscoggin River
brings in about 1.2 bgd from Maine and discharges about 1.6 bgd
back into Maine 30 miles to the south. The Saco and Ossipee Rivers
discharge about 1.1 bgd into Maine. The Salmon Falls River flows
more than 150 mgd along the Maine border. The Merrimack River
originates in New Hampshire and discharges about 3.4 bgd into
Massachusetts.
That the runoff in New Hampshire amounts to about half an
amount of precipitation that is 1.4 times as high as the national
average precipitation, and that similar ratios are found in the
other New England States, helps to explain why, on the whole,
these States have an ample water supply and to date have had
few highly critical problems. That problems in the past have not
been as serious as they have been in less fortunate regions is no
reason for overconfidence, however. Both to solve the problems
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that exist today and to meet the emerging needs of the future will
call for substantial effort and expense.
The withdrawal use of water by New Hampshire's population of
a little more than 600,000 is currently modest. An estimated total
of about 31 mgd of fresh ground water was used in 1960, 18 mgd
for public and 5 mgd for rural supply, 8 mgd for industry including
6 mgd for public-utility fuel-electric powerplants, and a sixth of a
.million gallons per day for irrigation. Use of fresh surface water
was about 190 mgd, 36 mgd for public and 0.7 mgd for rural supply,
150 mgd for industry of which only a little was used for publicutility fuel-electric power generation (at Bow and Manchester),
and 1 mgd for irrigation. About 250 mgd of saline surface water
was used for fuel-electric power. About 30 bgd of streamflow,
equivalent to about three times the average runoff of about 10 bgd
within the State, went through hydropower plants.
QROTJND-WATER RESOURCES AND DEVELOPMENT

New Hampshire, like other New England States, consists in large
part of an upland in which only modest ground-water supplies are
available but within which there are many small and a few sizable
areas, mostly lowlands, where moderate to large supplies are available. The upland supplies come from glacial till and, more commonly now, from bedrock. Some supplies are derived from these
sources in the lowlands also, but the most productive aquifers in the
lowlands are sand and gravel in stratified drift, especially where the
deposits of drift are traversed by streams from which recharge can
be induced.
GROUND-WATER STUDIES

Very little published information on ground water in New
Hampshire is available, though there is considerable related information that is helpful published and unpublished geologic maps and
reports, soil maps, data on wells and borings, data on water use,
and chemical analyses of water. Good topographic maps, vital to
detailed geologic and hydrologic studies, are available for most of
the State.
Published reports of the U.S. Geological Survey and its cooperating agencies (in New Hampshire, the State Planning and
Development Commission and the State Water Resources Board)
contain less than a hundred pages devoted specifically to ground
water in New Hampshire. Open-file reports of the Geological
Survey total a few hundred pages. Reports and papers prepared by
others and published by various agencies or in journals such as that
of the New England Water Works Association no doubt have
accounted for several hundred pages, but the total literature on
ground water in New Hampshire is skimpy.
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The general abundance of water, the small population and water
demand, and the progress made by New Hampshire and other New
England States and New York in early-stage planning activities as
brought out in the report of the New England-New York InterAgency Committee (1957) mitigate to some degree the severity of
the problems that otherwise might exist in the absence of more
adequate information on water. Nevertheless, much remains to be
done. The need for additional ground-water studies is recognized
by the State (State Officials, 1960, p. 210). The cooperative streamgaging program is reasonably adequate for the larger streams, but
only recently has gaging started on small streams. The chemical
quality of water is generally good, and problems of erosion and
sedimentation are not as severe as they are in many other States.
Nevertheless, data on both mineral content of surface and ground
water and sediment movement in surface water are needed.
As water use increases, more hydrologic information will be
needed and programs of collecting it will need to be stepped up.
The generalized planning represented by the NENYIAC report
will have to be made more specific. And, the necessary public
support for action programs will have to be enlisted. Otherwise, in
spite of the general abundance of water, New Hampshire will fall
behind in the race to capture industry and maintain and improve
the standard of living of its people.
A? very brief report (Fuller, 1905b) summarizes the geology,
physiography, and ground water. It points out the principal streams
along which stratified drift includes productive sand and gravel
aquifers the Connecticut, Merrimack, Pemigewasset, Ashuelot,
Contoocook, Saco, and Ossipee Rivers. Information on a few dozen
wells and springs in the State is found in a report by Boutwell
(1904). A report by Jackson (1905) describes the distribution of
chloride in the ground water of New England, which except where
the water is contaminated generally amounts to only a few parts
per million. Records of unusually deep wells were compiled and
published for several years early in the century, and records for
New Hampshire are included in Water-Supply Papers 61 and 149
and Bulletins 264 and 298 of the U.S. Geological Survey. Information as of 1952 on the public water supplies of the 11 largest towns
and cities is given in Water-Supply Paper 1299 (Lohr and Love,
1954a, p. 300-306). Information as of 1956 on the 3 communities
exceeding 25,000 in population (Manchester, Nashua, and Concord)
is given in a' report of the U.S. Public Health Service (1957,
p. 80-81). Information on wells and springs used by 38 communities for public supply is given in a paper by Brashears and others
(1949) covering all of New England. Information on all the public
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supplies as of 1959 is given in a report of the New Hampshire
Department of Health (1959).
Areal descriptive reports are few and generally cover only small
areas. An old report by Smith (1905a) describes the water resources
of the area extending from Portsmouth and Newcastle, N.H., to
York Beach and Cape Nedick, Maine. A report by Meyers and
Bradley (1960) describes suburban and rural water supplies in the
coastal area, extending as far southwest as Plaistow and eastern
Atkinson and as far north as eastern Farmington. The report is
nontechnical, giving general information and suggestions on
developing ground-water supplies rather than specific information
on ground-water availability by areas. However, it includes a
geologic map which is useful in predicting ground-water conditions
by areas.
A substantial descriptive report has now been completed on the
coastal area (southeastern New Hampshire). The interpretive report
is to be published as a water-supply paper of the U.S. Geological
Survey (Bradley, publication pending). The basic data are given in
a duplicated open-file report (Bradley and Petersen, 1962).
Open-file reports cover a few areas. One (Bradley, 1955b) covers
the northern part of the area described by Meyers and Bradley (op.
cit.) but presents more detailed ground-water information, especially
on the Pudding Hill-Johnson Creek area in Dover and Madbury.
Additional information on that area is given in a later report also
(Bradley, 1957). Brief reports prepared during World War II
include one on the immediate vicinity of Portsmouth (Brashears,
1942b) and one on the Dover-Rollinsford-Somersworth area, New
Hampshire, and the Kittery-Eliot-South Berwick area, Maine
(Roberts, 1945). Geologic and ground-water conditions in the small
Hubbard Brook watershed, about 12 miles north of Plymouth, were
described by Bradley and Cushman (1956) as a contribution to
land- and forest-management studies being carried on at the Northeastern Forest Experiment Station of the Department of Agriculture. (See also a paper by Leonard, 1961, discussing interception of
precipitation by forest vegetation in the Hubbard Brook watershed.)
A study was begun in the Merrimack River valley in 1958 but
was discontinued in 1959 when the cooperative investigations were
suspended temporarily for lack of funds. A brief open-file report
prepared earlier (Alien and others, 1952) presents a little information on the basin in both New Hampshire and Massachusetts.
STRATIFIED-DRIFT AQUIFERS

In addition to the sand and gravel along the large streams named
previously (Fuller, 1905b, p. 58), there are rather extensive deposits
of permeable stratified drift in the coastal lowland (the area
generally known as southeastern New Hampshire), and these are
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the best known in the State. Those exposed at the surface in the
area mapped by Bradley (1955b, pi. 1; Bradley, publication pending)
are mostly of the type known as "ice-contact" deposits formed
immediately at the edge of melting bodies of ice. They form plains,
terraces, and some isolated hills. Large ice-contact deposits are
present in Farmington and adjacent Rochester, Somersworth and
Dover, Newington and Portsmouth, and Rye and North Hampton.
Dozens of these deposits, mostly smaller, are scattered over southeastern New Hampshire.
Some of the ice-contact deposits in the coastal area are more
extensive at depth than at the surface, for in many places they are
partly covered by or are interbedded with marine silt and clay and
other fine-grained materials. Their presence beneath the fine-grained
materials can be detected only by drilling or by geophysical surveys.
In addition to the areas of permeable stratified drift along the
major streams and in the coastal area, there are scattered small and
some large areas elsewhere, both along small streams and in divide
areas between present streams (Goldthwait, 1950). The most productive deposits generally do not underlie large areas, and some of
them are buried beneath finer grained material and, as in the coastal
area, must be located by drilling or geophysical surveying.
The deposits from which the largest supplies can be obtained are
those which both are highly permeable and are traversed by
perennial streams whose beds are cut into coarse material and from
which recharge can be induced by heavy pumping of nearby wells.
Obviously, any part of the water induced to infiltrate from streams
to wells that is used consumptively or is diverted to another watershed is not available from the stream for other uses. So far, however,
no important examples of such interference between ground- and
surface-water uses have been reported in New Hampshire.
QUALITY OF WATER

Ground water in the State is of generally good chemical quality,
and that of surface water is even better. The hardness of ground
water in most places is less than the 60 ppm marking the top of
the "soft" range as used by the Geological Survey. That of surface
water is commonly 10 to 25 ppm. Along the coast and in the
Connecticut Valley the ground water tends to be harder, but the
hardness rarely exceeds 100 ppm (State Officials, 1960, p. 211).
Iron is not uncommonly a troublesome constituent of the ground
water. Together with corrosiveness it causes the most frequent
complaints as to quality, but on the whole there is much less to
complain about than there is in most parts of the country. Surface
water also is commonly corrosive, but iron content is seldom a
problem in surface water because exposure of the water to the air
causes most of the iron to precipitate.
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GROUND-WATER USE

Information on ground-water use is scanty but suggests a substantial rate of growth. Meager data compiled by the Geological
Surrey for 1955 and 1960 suggest that ground-water pumping may
have nearly doubled during the 5 years. As elsewhere in New England, few of the larger public water supplies are obtained entirely
from the ground, but there is a growing tendency toward use of
ground water by smaller cities and towns which are enlarging their
supplies or installing systems for the first time. In 1949, 55 of 117
public-supply systems obtained all or part of their water from wells
or springs, whereas in 1959, 86 of 138 systems did so; the 138 systems served more than 80 percent of the population. By 1959 the
largest 11 systems, of which 7 depended at least in part on ground
water, were supplying about 40 percent more water than in 1949; the
largest 4, of which 3 used some ground water, were supplying nearly
twice as much as in 1949. Increasing per capita use of water, plus
industrial and population growth especially in the coastal area,
in the lower Merrimack River valley, and all along the Massachusetts border, along with such additions as installation of Pease Air
Force Base in Portsmouth and Newington, is responsible for the
rapid increase in water use.
PROBLEMS, PROSPECTS, AND NEEDS

Water problems generally are not critical. Floods are occasionally
severe, especially those resulting from heavy snowmelt and occasionally those resulting from torrential downpours associated with
hurricanes. Flood damage tends to increase because of increasing
residential and industrial occupancy of flood plains. The State
(State Officials, 1960, p. 210) recommends some form of flood-plain
zoning, perhaps as a condition of approval of Federal flood-control
projects.
Additional "conservation storage" of water in reservoirs is needed
to maintain adequate base flows in streams for water supply and
pollution abatement, especially in droughts which affect NewT Hampshire just as they do all other States. The State does not specifically
mention hydropower generation as a use of water that at times is
competitive with others, but there is some competition between
hydropower and recreational uses.
Irrigation is practiced on only a very small scale only about a
million gallons per day was used in 1960 and New Hampshire has
not expressed a need for revision of the prevailing riparian rule
to confirm the right to use surface water consumptively for irrigation; or the right to divert water from one basin to another for
irrigation, pollution abatement, or other purposes. Incidentally, it
was a New Hampshire case of 1862 that originated the American
rule of reasonable use of ground water, a modification of the common-
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law rule of "unreasonable use" enunciated in England in 1833 for
surface water and in 1843 for ground water (McGuinness, 1951b,
p. 3, 24).
There is considerable pollution of surface water, such as by papermill wastes. The problem is not as serious as it is in more highly
populated and industrialized States, but remedial steps will be
needed.
Future problems involving adequacy of water supplies may develop
in any part of the State but are likely to develop soonest in the
coastal area, where the population and water use are greatest and
where there are few large streams except the Piscataqua Elver and
its tributary the Salmon Falls River, which form a part of the
boundary with Maine. In a letter included with the State's contribution to the Senate Select Committee (State Officials, 1960, p. 215216), the State Port Authority calls attention to the proposal that
has been made to dam Little Bay, a tidal bay off the Piscataqua
River between Portsmouth and Dover, and thus create a large freshwater reservoir in Little Bay and its inland extension Great Bay.
The reservoir would represent a large source of fresh water for at
least a considerable part of the coastal area. Another proposal, not
economically feasible under current conditions, is to divert water
from Lake Winnepesaukee to the coastal area.
In broad outline the future water prospects of New Hampshire
are known through the efforts of the New England-New York InterAgency Committee and are described in the Committee's 1957 report.
The State has been active in the subsequent work of the Northeastern
Resources Committee and along with Massachusetts, Rhode Island,
and Connecticut has ratified the proposed Northeastern Resources
Compact.
New Hampshire, with its large water resources and still small
population and water demand, and with its foresight as expressed
in the work of the Inter-Agency Committee and the proposed
resources compact, has good reason for confidence in ultimate success
in meeting its future water needs. Much additional hydrologic
information will have to be gathered, however.
NEW JERSEY
Large and growing population and water use. Water resources adequate
for immediate future if additional surface storage provided in north and
ground water in south properly developed and conserved; large-scale use of
water from Delaware River, beginning about 1980, considered .necessary by
State.

Precipitation about 40 to 48 inches and averages about 45. Runoff averages
about 22 inches for total of 7.9 bgd. Flow of Delaware River at west edge
increases from 4.1 bgd on north to 7.7 bgd at Trenton and continues to
increase downstream, but during periods of low flow the salinity increases
below Camden; in proposed development of Delaware River basin a salt-water
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barrier would keep the water fresh at least as far downstream as mouth of
Schuylkill River in southern Philadelphia. Hudson River on northeast has
larger flow than Delaware but is saline opposite New Jersey.
Precambrian, Paleozoic, and Triassic bedrocks northwest of narrow "waist"
between Trenton and Raritan Bay yield small and locally moderate supplies;
glacial drift in northern and eastern parts of this area also yields small to
moderate supplies, as does outwash south of glacial border. Coastal Plain
strata form southeastward-thickening wedge in southern part of State and
yield small to large supplies.
Water use in i960 about 4,800 mgd, 2,100 mgd fresh surface water and 530
mgd fresh ground water plus 2,200 mgd saline water, nearly all surface water.
Problems include pollution and periodic water shortages and floods and are
complicated by dense population and rapid growth. Solution depends on comprehensive development of available sources through cooperation of private
and governmental agencies; outlook encouraging.

New Jersey is a heavily populated and industrialized State having
all the water problems that might be expected in an area where the
water demands are large and growing and the resources are limited
though substantial. Nevertheless, the experience gained in decades
of wrestling with these problems and the accessibility of water
resources that still are not fully developed argue for a successful
outcome of the battle.
The State is divided sharply between the Appalachian Highlands
and the Atlantic Plain by the Fall Line, or Fall Zone. The part
northwest of the Fall Line, which runs southwestward across the
narrow "waist" of New Jersey from Raritan Bay to Trenton, is
divided among the Piedmont, New England Upland, and Valley and
Ridge physiographic provinces and between the Glaciated and
Unglaciated Appalachian ground-water regions; the part to the
southeast is in the Coastal Plain physiographic province and groundwater region.
. The provinces of the Appalachian Highlands form belts running
northeast-southwest parallel to the general Appalachian trend. The
oldest rocks crop out in the middle belt, the New England Upland.
They are largely the foliated igneous and metamorphic rocks known
as gneiss and schist, mostly light colored but including some darkcolored "gabbro," the coarsely crystalline equivalent of fine-grained
basalt. They include also some limestone and marble (Lewis and
Kummel, 1940, p. 56-61, pi. 1). To the northwest are the folded
Precambrian and Paleozoic sedimentary rocks of the Valley and
Ridge province, largely limestone, shale, and sandstone and some
conglomerate and quartzite (idem, p. 62-100).
Between the New England Upland and the Fall Line is the
Piedmont. Nearly all of it in New Jersey is underlain by strata of
Triassic age, mainly sandstone and shale. Within these are sheets
of the dark-colored igneous rock called "trap rock," either intruded
as dikes and sills (diabase) into the sedimentary strata or forming
671316 O 63

35

534

ROLE OF GROUND WATER IN NATIONAL WATER SITUATION

lava flows (basalt) which were later covered by sedimentary strata
(idem, p. 101-111). The diabase crops out mainly in the southwestern and extreme eastern parts of the Piedmont, that in the east
forming the well-known Palisades along the Hudson River; the
basalt forms three extensive sheets in the middle of the Piedmont
in New Jersey. The sedimentary strata and the included sheets of
trap rock dip generally northwestward.
The Triassic and other rocks of the Piedmont pass beneath the
sediments of the Coastal Plain and underlie them at depths that
increase progressively southeastward. The Coastal Plain sediments
are about 8,000 feet thick near Ocean City, Md. (Yokes, 1957, p.
46-47), and very likely are at least 6,000 feet thick in southeasternmost New Jersey, in the vicinity of Wildwood and Cape May City
(Richards and others, 1962, fig. 3).
Pleistocene glaciers covered most of the Appalachian area and
crossed over into the Coastal Plain in the extreme northeast, in the
vicinity of Perth Amboy. The oldest, called the Jerseyan, reached
a line extending a little north of west from Perth Amboy and
crossing the Delaware River between Frenchtown and Phillipsburg.
The next, thought to be the Illinoian, extended as far as Perth
Amboy in the east, but toward the west it did not extend as far
south as the Jerseyan; the boundary goes generally northwestward
through Plainfield and Morristown to the vicinity of Dover and then
swings westward through Hackettstown to the Delaware at Belvidere (Lewis and Kummel, 1940, p. 47).
The edge of the last glacier, the Wisconsin, at maximum extent
was nearly parallel to but a few miles north of that of the Illinoian.
Outwash from the Illinoian and Wisconsin glaciers, especially the
latter, extends south of the Illinoian-Wisconsin boundary along the
larger valleys, especially that of the Delaware River between Belvidere and Trenton. Broad outwash plains are prominent locally, as
in the vicinity of Plainfield (idem, p. 162). As the edge of the ice
melted back, a large lake, glacial Lake Passaic, formed in the upper
Passaic River valley between the edge of the ice and the ridges of
basalt that begin northwest of Paterson, run southeastward to
Paterson and southward and southwestward past Plainfield to Bound
Brook, and then swing northwestward to the Raritan River. The
lake at its time of greatest extent was about 30 miles long, 8 to 10
miles wide, and as much as 240 feet deep (idem, p. 164-166).
The precipitation ranges from about 40 to 48 inches. It is least
in a small area at the west edge of the State just below the "waist,"
but so far as larger areas are concerned it is least along the Atlantic
Coast, averaging about 42 inches in a strip 10 miles or so wide. In the
rest of the area south of the Fall Line it averages about 45 inches,
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and in the Appalachian area it averages about 47. In the State
as a whole it averages about 45 inches.
The annual runoff is a little more than 20 inches nearly throughout the State and averages about 22 inches for a total of 7.9 bgd.
The State discharges about 140 mgd into New York in the Wallkill
Eiver in Sussex County but receives more than half again as much
from New York in the Wanaque, Ramapo, and Hackensack Rivers
in Passaic and Bergen Counties to the east. The Delaware River
along the western border increases in flow from about 4.1 bgd at
the north end of the State to 7.7 bgd at Trenton (U.S. Geol. Survey,
1960b, p. 56-57). The flow continues to increase to the south, being
10 bgd or more b^low Philadelphia. Under present conditions, the
water during periods of low flow is saline below Philadelphia
(Krieger and others, 1957, p. 14-15), but above Philadelphia saline
water is present during only a small fraction of the time. At
Camden, N.J., for example, the chloride content in 1950-55 was
less than 40 ppm during at least nine-tenths of the time, and less
than 100 ppm during 99 percent of the time (W. B. Keighton, UjS.
Geol. Survey, written communication, 1962). Under its plans for
comprehensive development of the Delaware River basin, the Corps
of Engineers is understood to have proposed installation of a saltwater barrier at or below the mouth of the Schuylkill River in
southern Philadelphia, which would keep the water upstream fresh
at all times.
The Hudson River flows about 8.8 bgd at Green Island, north of
Albany, N.Y., and increases substantially in flow in the long stretch
to the south, but it is saline below Poughkeepsie and thus in the
entire stretch opposite New Jersey (Krieger and others, 1957, p. 14).
According to MacKichan and Kammerer (1961b), the withdrawal use of water in New Jersey in 1960 amounted to about 4,800
mgd, about 2,100 mgd of fresh surface water, 530 mgd of fresh
ground water, and 2,200 mgd of saline water of which all but 7.6
mgd was surface water and of which the bulk was used for generation of public-utility fuel-electric power and other cooling purposes.
Even counting the saline water, the per capita use by the population
of 6 million about 780 gpd was only a little more than half the
national average of 1,500 gpd. If irrigation is excluded, however,
the national average is about 900 gpd, so New Jersey is not far
from the average for "nonirrigation" States. More important, the
use in New Jersey was very large for-^so, small an area only 7,836
square miles. And, the bulk of the water is used in the heavily populated and industrialized northern and smaller part of the State.
The use was divided approximately as follows: surface water, 440
mgd for public and 2.7 mgd for rural use, 9.5 mgd for irrigation,
and 1,700 mgd fresh and 2,200 mgd saline for industry; ground
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water, 230 mgd for public and 85 mgd for rural supply, 26 mgd for
irrigation, and 190 mgd fresh and 7.6 mgd saline for industry.
The population increased by 25.5 percent from 1950 to 1960.
California was the only State of equal or greater population having
a greater percentage gain, though Texas, half again as large in
population as New Jersey, gained nearly as much 24.2 percent.
The use of water in New Jersey approximately doubled in 1950-60.
Thus New Jersey is one of the rapidly growing States and one of
especially concentrated water use.
GROUND-WATER STUDIES

Ground-water studies by the U.S. Geological Survey in cooperation with the State began in the early 1920's and have been on a
substantial scale since that time, especially since 1955. The cooperating agency was known as the Division of Water of the State
Department of Conservation and Development and later as the
State Water Policy Commission; it is now the Division of Water
Policy and Supply of the Department of Conservation and
Economic Development. In addition to the cooperative studies,
many studies in metropolitan areas have been made by consultants
and commissions, and the literature on water is substantial.
Reports of the New Jersey Geological Survey going back before
the turn of the century contain information on geology that is basic
to the ground-water studies. A report by Lewis and Kiimmel summarizing the geology of the whole State was published in 1915 and
was brought up to date in 1938-40 by Kiimmel (Lewis and Kiimmel,
1940). It contains a geologic map at the scale of 1:1,000,000. Lewis
and Kiimmel prepared a map at the scale of 1:250,000 in 1912, and
Kiimmel brought it up to date in 1931. Meredith Johnson, State
Geologist, updated it again in 1950. Good topographic maps are
available for the whole State.
What was certainly one of the earliest comprehensive hydrologic
reports on any State was prepared in 1894 by C. C. Vermeule, an
engineering consultant to the New Jersey Geological Survey. It was
devoted mainly to climate, precipitation, and surface water, but it
had a substantial section on ground water and it took an integrated
approach to the w'hole hydrologic system of the State and can be
considered something of a landmark.
Old reports of the U.S. Geological Survey include a substantial
one on the water resources of Philadelphia and the adjacent area in
Pennsylvania and New Jersey (Bascom, 1904), brief ones on the
whole State (Knapp, 1905) and on the central and southwestern
parts of the Appalachian area (La Forge, 1905), and one describing
artesian-well prospects in the whole Atlantic Coastal Plain,
including the part in New Jersey (Darton, 1896b).
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Folios of the Survey's Geologic Atlas published between 1906
and 1920 describe the geology and mineral deposits and contain
some information on water in seven districts: Dover, Del.-Md.-N.J.
(Folio 137); Passaic, N.J.-N.Y. (No. 157); Franklin Furnace (No.
161); Philadelphia, Pa.-N.J.-Del. (No. 162); Trenton, N.J.-Pa.
(No. 167); Raritan (No. 191); and Elkton-Wilmington, Md.-Del.N.J.-Pa. (No. 211).
A report of the New Jersey Water Policy Commission (1929)
discusses water-supply problems of the northern metropolitan district. Another report of the same agency (1945) brings the discussion up to date. A series of cooperative reports published by the
State between the late 1920's and the early 1950's cover the principal
ground-water problem areas. They include reports on the Atlantic
City area, where salt-water encroachment into the artesian sands
that bring fresh water from the mainland was and remains a threat
(Thompson, 1928^ Barksdale and others, 1936) ; on the Asbury Park
area (Thompson, 1930); on the Passaic River valley near Chatham
(Thompson, 1932a); on the Camden area opposite Philadelphia
(Thompson, 1932b); on salt-water encroachment at Parlin (Barksdale, 1937); on heavily developed Middlesex County (Barksdale
and others, 1943); and on the Newark area (Herpers and Barksdale,
1951). In journal articles Thompson (1926) discussed the groundwater problems of Atlantic City and of New Jersey's barrier beaches
in general and Barksdale (1940) brought the work at Parlin up
to date.
General articles by Barksdale (1945, 1949) discuss ground-water
problems in New Jersey, and Barksdale and DeBuchananne (1946)
describe artificial recharge in localities which are among the first
in the East where such practices have been undertaken. The possibility of undesired artificial recharge of salt water from the
proposed New York Bay-Delaware River section of the Intracoastal
Waterway is the subject of a 1945 report by Barksdale and Jacob.
Vecchioli and others (1962) discuss the hydrologic role of the
Great Swamp and other marshland, in the upper Passaic River
basin.
Cooperative and Federally supported studies in the Coastal
Plain have produced substantial results in recent years. A paper by
Barksdale (1952) describes briefly the Pine Barrens, 2,000 square
miles of sand, pine and oak forests, and ground water in the middle
of the Coastal Plain. Detailed studies of that area, which represents
one of New Jersey's principal remaining sources of water, are in
progress. The famous Wharton Tract, initially bought by a Philadelphia banker with the idea of exporting water to Philadelphia
and about 95,000 acres of which was acquired by the State of New
Jersey in 1954 and 1955, forms a part of the Barrens.
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The Wharton Tract has been the site of tests of tritium, the
radioactive form of hydrogen, as a means of dating ground-water
recharge and tracing ground-water flow (Carlston and others,
1960).
The Seabrook area, at the edge of the Barrens, has been one of
special interest. Waste water from a cannery is disposed of by
spraying it into sandy woodland at the rate of several hundred
inches per year. The operation has produced significant biological
changes and has provided an outdoor laboratory for studies of
the zone of aeration and ground-water recharge (Remson, 1954;
Little and others, 1959; Remson and others, 1960).
Many other papers on subjects of wide interest have come out of
the studies in the Coastal Plain for example, papers on the effect
of land-management practices on ground-water recharge (Barksdale
and Remson, 1955) and on the design of irrigation ponds fed by
ground water (Remson and Randolph, 1958).
County-by-county studies are being made as rapidly as possible,
with emphasis on the Coastal Plain. Counties currently under study
include Monmouth, Burlington, Camden, Gloucester, Salem, Ocean,
and Cape May in the Coastal Plain, Mercer (site of Trenton)
straddling the Fall Line, and Morris in the middle of the northern
area. Among the early products of each are basic-data reports, such as
those on wells in Monmouth County (Jablonski, 1959, 1960) and on
public water supplies in Gloucester County (Hardt, 1962, in press). A
recent product is a group of maps showing the altitude of the tops of
the important water-bearing formations in the Coastal Plain (Richards and others, 1962). Another recent report describes ground water
in the Cape May Peninsula, the southernmost part of New Jersey,
where the growing water demands of summer resorts are threatening
to cause local depletion or salt-water encroachment (Gill, 1959). Cape
May County as a whole is described in recent reports by Gill (1962a,
b), and Mercer County in a report by Vecchioli and Palmer (1962).
A recent report (Appel, 1962) describes salt-water encroachment
into aquifers of the Raritan Formation in the vicinity of Sayreville,
Middlesex County, and discusses the proposed installation of a tidal
dam on the South River to protect the aquifers and increase their
recharge.
To a substantial extent New Jersey's water future is tied to the
Delaware River. The Interstate Commission on the Delaware River
(Incodel). was formed to coordinate the development of the water
of this interstate stream. The Commission, through contributing
agencies in Pennsylvania, New Jersey, and Delaware, sponsored a
study by the U.S. Geological Survey of the ground-water resources
of the so-called Tri-State region in and adjacent to the lower Delaware River, including Mercer, Burlington, Camden, Gloucester, and

NEW JERSEY

539

Salem Counties in New Jersey; Bucks, Montgomery, Philadelphia,
Delaware, and Chester Counties in Pennsylvania; and Newcastle
County in Delaware. The studies were carried on in 1949-56 and the
report was published in 1958 (Barksdale and others).
In 1956-58 the Geological Survey made a comprehensive study of
the hydrology of the Delaware River basin and adjacent area as a
part of the detailed study of the hydrology of the basin by the Corps
of Engineers. A report of the Survey's investigation has been completed (Parker and others, publication pending). Technical Memorandum 2-337 of the Waterways Experiment Station of the Corps
of Engineers, issued in 1956, describes the results of a model study
made to show the effect on salinity of proposed deepening of the
navigation channel in the Delaware River.
GROUND-WATER .RESOURCES

In New Jersey the ground-water resources are largely in the
Coastal Plain, where currently they are the principal source of
domestic, municipal, and industrial water. The supplies northwest
of the Fall Line are relatively small, but nevertheless they are substantial and very important, as is brought out by the fact that 263
of the State's 307 public-supply systems use ground water and 20
more use both ground water and surface water. Obviously, most of
the systems are in the northern, more heavily populated part of the
State. The largest systems in the State use surface water, but ground
water supplies a little more than a third of the 4.7 million people
served by public systems, as well as 99 percent of the 1.3 million
rural residents.
In New Jersey the Fall Line, after crossing Arthur Kill from
Staten Island, N.Y., runs generally south westward between Rahway
and Perth Amboy through New Brunswick and Trenton. It then
crosses over into Pennsylvania and runs parallel to and only a little
inland from the Delaware River, leaving only a narrow strip of
Coastal Plain in southeastern Pennsylvania. The area northwest of
the Fall Line in New Jersey is the Appalachian Highlands, described
in the next section. The Highlands include parts of the Valley and
Ridge province on the northwest, the New England Upland province
in the middle, and the Piedmont province on the southeast.
APPALACHIAN HIGHLANDS
VALLEY AND EIDGE AND NEW ENGLAND UPLAND PROVINCES

The Valley and Ridge province is underlain by folded and faulted
northeastward-striking rocks of Precambrian to Devonian age. The
largest valley is the Kittatinny Valley, a part of the Great Valley,
underlain by limestone and shale of Cambrian and Ordovician age.
Kittatinny Mountain, between the Kittatinny Valley and the Delaware River valley to the northwest, is formed of resistant Silurian
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sandstone and conglomerate. The Delaware valley is underlain by
Silurian and Devonian limestone and shale. The smaller valleys of
the province southeast of the Kittatinny Valley are underlain by
soluble limestone and soft shale, and the intervening ridges are
formed by hard shale and resistant limestone.
The rocks of the province are not highly productive as aquifers.
The Kittatinny Limestone of Cambrian and Ordovician age in the
Kittatinny Valley generally yields 100 to 150 gpm to wells constructed for maximum production. Other limestones, sandstones,
and hard shales generally yield 50 to 100 gpm. As might be expected,
the limestones are the most variable in yield, and they may yield
several hundred gallons per miunte in one place and little or nothing
a short distance away. Their water is hard to very hard but is
generally low in iron and, except for hardness, is of good qaulity.
The New England Upland province to the southeast is separated
from the Valley and Ridge province by an idefinite boundary, as
the valley-and-ridge type of country gives way only gradually to
the less definitely oriented hills and mountains of the Upland. The
Upland is underlain by crystalline rocks, chiefly gneiss and schist.
The crystalline rocks are complexly folded and faulted. Folded
into them are belts of the same Paleozoic rocks that underlie the
Valley and Ridge province. These are mainly limestone and shale
and form valleys, but in the vicinity of Green Pond Mountain they
are resistant quartzite and conglomerate and form ridges.
. The rocks of the Upland are not very productive as aquifers.
They generally yield less than 50 gpm and typically yield only 5 or
10. The water is generally low in dissolved solids and hardness but
locally contains iron in excess of the quantity generally considered
acceptable (0.3 ppm of iron and manganese together). The Precambrian Franklin Limestone, which forms a belt at the northeast
end of the zone of transition between the Valley and Ridge and the
Upland and underlies scattered areas to the southwest, yields hard
water in quantities similar to those from the Kittatinny Limestone,
commonly up to 100 or 150 gpm and locally more.
Virtually all the area of the Valley and Ridge and New England
Upland provinces in New Jersey was glaciated, as was all but the
southernmost part of the Piedmont. The glacial drift is generally
thin and discontinuous in the uplands, but locally it is thick enough
to obscure the shape of the bedrock surface. The larger valleys are
underlain by glacial outwash and lake deposits. The deposits of
sandy and gravelly outwash have not been mapped in detail, but
locally they are productive and are tapped by wells of large yield
as much as 1,300 gpm. The generally most productive deposits of
outwash are along the Delaware River valley. The water of these
and other deposits of Quaternary age in the northern part of the
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State is of variable but generally good chemical quality, only locally
being highly mineralized and hard.
The limestones of the Valley and Ridge province and parts of
the New England Upland and the glacial outwash of the larger
valleys may be capable of a rather large aggregate sustained yield
to wells, but at present little is known of their capabilities.
PIEDMONT PEOVINCE

The Piedmont coincides almost exactly with the outcrop of Triassic
rocks between the Fall Line on the southeast and a line running
generally southwestward from Mahwah in northern Bergen County
to the sharp bend of the Delaware Kiver in westernmost Hunterdon
County, about 10 miles south of Phillipsburg, Warren County. The
Triassic rocks include the sedimentary rocks of the, Newark Group
plus intruded sheets of diabase and interbedded flows of basalt.
They dip generally northwestward toward the faults that separate
them from the older rocks of the New England Upland, and they
themselves are locally faulted and folded. From northwest to southeast, or youngest to oldest, the sedimentary rocks include the Bruns
wick Formation, by far the most extensive formation at the surface,
and the Lockatong and Stockton Formations. The Brunswick consists mostly of soft red shale but includes sandstone beds which
become thicker and more numerous toward the northeast. The Lockatong is mostly a hard dark fine-grained shaly rock known as
argillite but includes some sandstone and conglomerate. It does
not extend northward beyond a point 5 miles or so south of New
Brunswick. The Stockton Formation is mostly sandstone and
conglomerate but includes some red shale. The distinction between
it and the Brunswick becomes less marked northward, as the Brunswick becomes sandier.
Not much is known of the maximum productivity of the sedimentary rocks except locally, such as at Newark (Herpers and
Barksdale, 1951). In general they are fairly good and reliable aquifers. The Stockton is the most productive of the three formations
in the southern part of the Piedmont, but the Brunswick improves
as it becomes sandier toward the northeast, and in the northern
part of the Piedmont the two formations are on a par. In general
they may be expected to yield 100 to 500 gpm. Even larger yields
have been obtained in some places, as in eastern Somerset and
western Union Counties and at Ridgewood in Bergen County. The
Lockatong may be expected to yield 10 to 50 gpm per well.
Water from the Stockton Formation generally is low to moderate
in dissolved-solids concentration and hardness and low in iron concentration. That from the Lockatong characteristically is moderately
to highly mineralized and hard but low in iron. That from the

542

ROLE OF GROUND WATER IN NATIONAL WATER SITUATION

Brunswick generally is moderately mineralized, moderately hard
to hard, and low in iron.
The "trap rock" (basalt and diabase) is a poor aquifer here as
elsewhere in the Piedmont; it rarely yields more than 10 gpm, and
in places it yields virtually no water at all. Its water generally is
moderately mineralized and hard and locally is high in iron.
The terminal moraine of the Wisconsin glacier, which runs from
Perth Amboy generally northwestward through Summit to Morristown, divides the Piedmont into two parts. To the northeast, glacial
till or lake deposits mantle the Triassic rocks, and there are scattered bodies of glacial outwash. To the southwest, glacial outwash
occupies narrow southwestward-trending valleys and forms a few
sizable plains, the largest of which is that in the vicinity of Plainfield. Productive glacial outwash lies along the Delaware River as
far downstream as Trenton, and similar alluvium largely of nonglacial origin lies along the river farther downstream, in the Coastal
Plain.
As in the rest of the Appalachian Highlands, the potentialities
of the glacial deposits in the Piedmont have been evaluated in only
a few places, such as Chatham and Madison in the Passaic River
valley in Morris County (Thompson, 1932a). The largest known
yield of a well in the glacial deposits is 1,700 gpm.
DEVELOPMENT AND PROBLEMS

Little is known of the extent of ground-water development in the
Valley and Ridge and New England Upland provinces. Substantial
supplies are pumped locally for municipal and industrial use. The
development in the Appalachian Highlands is greatest in the Piedmont, owing both to the large population and to the widespread
availability in the Triassic sedimentary rocks of moderate quantities
of water adequate for towns and industries of small to moderate
size. The total pumpage of ground water for municipal and
industrial supply in the Appalachian Highlands was about 90 to
100 mgd in 1960; to this can be added perhaps something like half
the total of 85 mgd pumped in the State for rural supply.
In a few known areas in the Piedmont, and probably in a good
many others about which little is known, the withdrawal of ground
water from the Triassic rocks is about at a practical maximum. The
rocks have a small storage coefficient, so that water levels decline
substantially where pumping is heavy. In the Newark area and an
area southeast of Princeton the water levels have been drawn so
low that large additional withdrawals would be impractical. In the
Newark area, where water levels are considerably below sea level,
there has been encroachment of salt water.
Ground-water pollution is a problem in some areas, especially
in the heavily populated and industrialized metropolitan area in the
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eastern Piedmont. Waste products of the many and diversified
"industries have contaminated ground water in many localities. The
principal area of contamination is between Secaucus, north of
Jersey City, on the north and Perth Amboy on the south, and the
contamination is worst in certain areas of petroleum refining,
including Bayonne, Linden, and Elizabeth.
Potentialities for further development are substantial in parts of
the limestone areas of the Valley and Ridge province and New
England Upland; in areas of glacial outwash, such as along the
Delaware River, in parts of the Passaic River valley, and near
Plainfield; and in undeveloped or lightly pumped areas of
Triassic rocks in the Piedmont. The potentialities in any particular
locality in the Piedmont are modest rather than large, a matter
of hundreds of thousands or at the most a few millions of gallons
per day. Nevertheless, should future conditions warrant, a total
additional supply of a good many tens of millions of gallons per
day could be obtained from wells scattered widely over the Piedmont.
The potentialities for local development are greatest in areas of
glacial outwash traversed by perennial streams from which recharge
can be induced. There are probably dozens of such areas, but so
little is known about the distribution of the most permeable deposits
that not much can be said. The prospects are good along the
Delaware River. The study underway in Morris County may turn
up some good areas there. In favorable localities, supplies of several
million gallons per day and perhaps 10 million gallons per day or
more may be available.
COASTAL PLAIN

The Coastal Plain takes in the southern-southeastern three-fifths
of New Jersey. The Plain is underlain by a southeastward-thickening wedge consisting of strata of generally unconsolidated clay,
silt, sand, gravel, and marl of Cretaceous and Tertiary age. The
strata dip, and most of them thicken, to the southeast. Because of
the thickening, the oldest strata dip most steeply; the upper ones
dip very gently. Mantling the Tertiary sediments are Quaternary
sediments which are nearly horizontal. The Quaternary sediments
are of both glacial and nonglacial origin and represent the results of
continental, estuarine, and marine deposition during the glacial and
interglacial stages of the Pleistocene Epoch.
The thickness of the Coastal Plain sediments in New Jersey
probably exceeds 6,000 feet where it is greatest, in southernmost
New Jersey, indicating an average southeastward dip of the bedrock surface of about 100 feet per mile (Richards and others, 1962,
fig. 3). At depth and downdip the water in the different aquifers
tends to become saline.
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At the base of the sediments and cropping out near the Fall Line
is the Raritan Formation, consisting of alternating sand and clay
beds, generally light colored. The Raritan is the chief Coastal
Plain aquifer in southeasternmost Pennsylvania and in the strip
of New Jersey along the Delaware River at and below Trenton.
Above the Raritan is the Magothy Formation, consisting largely of
dark lignitic clay but containing also a substantial proportion of
water-bearing sand and gravel. The water of the Raritan and
Magothy generally is of excellent chemical quality except that in
many places the acidity (corrosiveness) and iron content are
excessive and need to be reduced to make the water satisfactory for
many uses.
Above the Magothy in the Cretaceous are clay beds of the
Merchantville and Woodbury Formations, mostly nonwater bearing,
and then alternating sands and nonwater-bearing clays and marls
of which sand beds of the Englishtown and Wenonah Formations
and the Mount Laurel and Red Bank Sands are important aquifers.
Of the Tertiary strata, the Vincentown Formation of Paleocene
age, the Kirkwood Formation of Miocene age, and the Cohansey
Sand of Miocene (?) and Pliocene (?) age are the important aquifers.
The water is of generally good chemical quality, that of the more
important aquifers being characteristically as follows: Englishtown
(Seaber, 1962), slightly alkaline, low to moderate in mineralization,
soft to moderately hard, and moderate in iron content; Wenonah
and Mount Laurel, neutral or slightly alkaline and noncorrosive,
low to moderate in mineralization, moderately hard, and variable
but generally low in iron; Vincentown, slightly alkaline, moderately mineralized, hard, and locally high in iron; Kirkwood,
variable but generally good, locally corrosive or hard, generally
low in iron; Cohansey, generally low in mineralization and soft
but commonly somewhat corrosive and high in iron.
The generally most productive aquifers are sands in the Raritan
and Magothy Formations and the Cohansey Sand, which will
commonly yield 500 gpm or more to properly constructed largediameter drilled wells. The Englishtown, Wenonah, and Mount
Laurel Formations generally will yield 100 to 500 gpm. Sands in
the prevailingly finer grained formations will yield small supplies,
generally no more than 10 gpm.
The Quaternary sediments include, in addition to alluvium along
the Delaware River, three formations, the Pensauken, Cape May,
and Bridgeton, all of which contain permeable sand and gravel.
The Pensauken and Bridgeton mostly cap divides and lie above
the water table; the Cape May Formation lies at low elevations,
mostly along the coast and along the lower Delaware River, and so
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is exposed to salt-water encroachment in much of its area of extent.
Thus even the permeable sediments of Quaternary age are of limited
importance as aquifers, but they perform a valuable service by
absorbing water freely from precipitation and feeding it into older
formations below. Their water is variable 'n quality, being subject
to chemical contamination from the land surface, but in most
places it is only slightly to moderately mineralized. Hardness
and iron content are variable.
The total pumpage in the Coastal Plain in 1960 included 340 to
350 mgd for public, industrial, and irrigation supply plus perhaps
roughly half the 85 mgd pumped in the State for rural domestic
and stock water.
COASTAL AREA

The coastal part of the Coastal Plain is discussed separately from
the interior part because it is susceptible to the encroachment of salt
water. It is a strip of indefinite and variable width lying along the
coast and Delaware Bay and the lower Delaware River and fringing
the tidal fllats that extend inland from the coast, such as along the
Mullica and Great Egg Harbor Rivers.
Before ground water was developed, the water table in the surficial sediments and the piezometric surfaces of the underlying
artesian aquifers stood above sea level and ground water everywhere
moved toward the streams or the coast. When resorts and permanent communities began to pump water the head was lowered, >and
in places salt water has been able to move toward the wells. In most
places the encroachment has occurred in the shallow unconfined
aquifers, but in a few places it has occurred in the artesian aquifers
also.
The most widespread of the accessible Coastal Plain aquifers is
the Cohansey Sand, which lies at the surface or is only thinly mantled
by Quaternary sediments in more than three-fourths of the Coastal
Plain. In the southern part of the coastal area it is the chief aquifer,
along with sands of the Kirkwood Formation below. In 'the area
from Lavallette, on Island Beach near the north end of Barnegat
Bay, northward to Perth Amboy the chief aquifers are the Mount
Laurel Sand and the Wenonah, Englishtown, and Raritan Formations.
Major centers of withdrawal from south to north along the ocean
include Cape May, Wildwood, Ocean City, Margate City, Ventnor,
Atlantic City, and closely spaced resorts between Point Pleasant and
Long Branch of which Asbury Park is the largest. On the mainland,
communities along Barnegat Bay also use considerable water. Along
Raritan Bay, both municipalities and industries pump moderate to
large quantities of water.
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The Cohansey is largely sandy, and it is susceptible to salt-water
encroachment even where it contains clay in its upper part, as at
Pleasantville. Localities, in addition to Pleasantville, of known saltwater encroachment into the Cohansey include Cape May Point,
Cape May, and Atlantic City, and salt water is probably encroaching
on wells in other places but has not yet reached them. Additional
development is possible in unpumped or lightly pumped areas but
should be conservative; the wells should be located as far from the
shore as possible, spaced widely, and pumped so as not to lower their
water levels much below sea level.
The deeper aquifers are artesian and are more or less effectively
protected by their upper confining beds from salt-water encroachment from above. Their downdip extensions contain salt water,
however, and pumping may cause the salt water to move updip
toward the wells, according to how far away the salt-water front is
and how much the head is lowered. Probably in most if not all places
along the coast, fresh water does not extend more than 1,000 feet
below sea level.
The pumping at Atlantic City is the heaviest along the coast, and
salt water is probably encroaching in the principal deep aquifer, the
"800-foot" sand in the Kirkwood Formation, though it has not yet
reached the wells. Salt water is known to have encroached in the
Kirkwood, as well as in the Cohansey, at Cape May and Cape May
Point.
Years ago, in the Parlin-Old Bridge area in Middlesex County,
heavy pumping caused saline water to encroach into the Farrington
and Old Bridge Sand Members of the Raritan Formation, the lower
and the upper of the two important aquifers in the formation (Barksdale and others, 1943, p. 92-100, 115-138). Artificial recharge from
a pond in the recharge area into which surface water is diverted has
stopped the encroachment in the Old Bridge Sand Member, but
the tongue of salt water in the Farrington continues to advance and
additional wells have to be abandoned every year. Salt water from
the Raritan River is now entering the Farrington on both sides of
the river and is contaminating wells in Perth Amboy and between
the Washington Canal and Parlin. A tidal dam is now proposed on
the South River to protect and assist in the recharge of aquifers in
the vicinity of Sayreville (Appel, 1962).
Additional pumping from artesian aquifers is feasible in unpumped
or lightly pumped areas all along the coast, but the wells should be
located as far inland as possible, should not be too deep, and should
be pumped conservatively.
INTERIOR COASTAL PLAIN

The interior Coastal Plain may be defined as the part of the
province that is far enough from coastal or tidal bodies of saline
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water to be free of the fear of salt-water encroachment from those
bodies. Accordingly, it can be defined to include the large inner
area of the Coastal Plain plus the part of the province adjacent to
the fresh-water section of the Delaware Eiver upstream from
Philadelphia.
As defined the area includes exposures of the full range of Coastal
Plain formations from the Raritan up, and all the aquifers are
utilized to some extent. The Raritan and younger aquifers are
pumped in the stretch including Trenton and Camden, and in places
there is mutual interference between pumped wells in New Jersey
and in Pennsylvania. The problems are not yet critical, but ultimately they may require interstate agreement for their solution. The
Delaware River is polluted, especially at and below Philadelphia,
and pumping from wells tapping the Cretaceous aquifers may tend
to induce infiltration of poor-quality water from the river or from
the adjacent alluvium (Graham, 1950, p. 219-220). The situation
is better than it was, however, and would improve still further under
the proposed comprehensive development of the Delaware River
basin. The studies in Mercer, Burlington, Camden, Gloucester, and
Salem Counties, along with those in southeastern Pennsylvania, will
provide both more adequate information on the problems and the
h^Jpologic basis for their solution.
The part of the interior area away from the coast and from the
Delaware River and Delaware Bay is a highly productive and so
far only locally developed ground-water area. It is the last groundwater source in New Jersey that is both extensive and only lightly
developed. The glacial outwash deposits and alluvium of the Appalachian Highlands and along the Delaware River also include some
very productive localities, but all together these cover an area only
a fraction as large as the interior Coastal Plain.
The Cretaceous and lower Tertiary (Paleocene and Eocene) formations that crop out along and for some miles southeast of the
Fall Line include both sandy and clayey strata. Even the outcrops
of the clayey strata are locally covered by sandy alluvium, including
glacial outwash. The Miocene and younger sediments that crop out
in the southeastern 75 or 80 percent of the Coastal Plain are prevailingly sandy. The most important formation is the Cohansey Sand.
In most of this area it either is exposed at the surface or is mantled
by one or the other of the Cape May, Bridgeton, and Pensauken
Formations, which themselves are sandy. Beneath it, and cropping
out in sizable areas, is the Kirkwood Formation, also largely sandy.
The interior area is typified by the Pine Barrens, about 2,000
square miles of oak and pines growing in sandy soil. The precipitation averages about 45 inches a year, and a large part of it infiltrates
to the zone of saturation and thence discharges to streams, giving
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them large aixd well-sustained base flows. The ground-water recharge
probably averages about a million gallons per day per square mile,
for a total of perhaps 2 bgd in the Pine Barrens plus a substantial
additional amount in included and surrounding unforested areas
that are similar hydrologically if not in their vegetal cover. The
sand and gravel in the sediments, especially the Cohansey Sand but
also the Kirkwood Formation below and the Quaternary strata above
where they extend below the water table, are permeable enough to
yield hundreds of gallons per minute and locally more than 1,000
gpm to properly constructed wells.
The ground water is soft in most places and of generally good
quality. The iron content is moderately excessive in many areas,
and the water tends to be corrosive. The nitrate content has been
increased in some areas by the leaching of fertilizer and other nitrogenous material from the soil zone, but the content is excessive in
few places so far.
Thus ground water of generally good quality can be obtained
from wells of moderate to large yield in an area of more than 2,000
square miles. The size of the total supply that could be obtained
depends on many factors and can be estimated only by specifying
the conditions of development. In the first place, the need would
have to be such as to justify the cost of drilling one or more wells
per square mile, installing the collecting pipelines, and pumping the
water. If this condition could be satisfied, then the size of the total
supply would depend on the relation between the quantity of water
permanently removed from the ground (by consumptive use, or by
discharge into streams or sewers from which it did not return to
the water table) and the quantity that would return to the ground.
It would depend also on the extent to which the buildup in mineral
content that would accompany repeated repumping and recharge
could be tolerated. Because the water is of low mineral content,
even if a substantial part of it were used consumptively the remaining part could be repumped several times.
Certainly a total of at least a billion gallons per day could be
developed, and if the use were largely nonconsumptive and a large
part of the water were returned to the ground instead of being
carried off quickly in sewers and streams, a total of several billion
gallons per day might be available in a maximum-scale, carefully
controlled development.
Studies of the hydrologic characteristics of the aquifers are
underway in the Wharton Tract and in the Lebanon State Forest.
These will be useful, as will the county studies in progress which
will point to the most favorable areas for development. Additional
broad-gage studies involving not only regional hydrology but also
economics and relation to other water-resources developments would
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be needed before any maximum-scale development could get underway even if it were assumed that the necessary political decision
to undertake the development had been made.
The water-bearing characteristics of the formations below the
Kirkwood in the interior area are not well known because the
Cohansey and Kirkwood have easily met the demands put upon them
so far. Because in the interior of the Coastal Plain the water in
the deeper formations is recharged by downward percolation through
confining beds, their head is generally lower than that in the Kirkwood and Cohansey, and there is no particular reason to drill deeper
and lift water farther just to get it from the deeper strata. Locally,
where the head in the Kirkwood and Cohansey had been drawn
down by heavy pumping, the head in the deeper strata might remain
higher for a time; and drilling to them might or might not be
justified, according to the relation between the cost of drilling and
the cost of pumping. It can be stated as a generalization, however,
that the ground-water supply of the interior area can be developed
from the Cohansey and Kirkwood; the deeper strata depend for
their water on the Cohansey and Kirkwood anyway. Also, below
a depth of 1,000 feet or so in the outer part of the area, though
perhaps a considerably greater depth in the middle part, the water
of the deeper strata may be saline.
PROBLEMS, PROSPECTS, AND NEEDS

New Jersey's major immediate water problems are described
succinctly by the State in its report to the Senate Select Committee
on National Water Resources (State Officials, 1960, p. 218-227).
They are (1) the need for more surface storage in north Jersey,
where the water demands are heaviest and the ground-water supply
is smallest; and (2) the need to protect the ground-water resources,
in both north and south Jersey, from overdevelopment and contamination.
Solution of the first problem is difficult because of the intensity of
the water demands in northern and especially northeastern New
Jersey and because of the scarcity of good reservoir sites and the
high cost of major water projects. Solution of the second is difficult
because an adequate factual basis for control and conservation is
not yet available.
For the next two decades, the State believes that it can meet its
water demands without becoming involved in interstate problems,
if it can provide the required storage facilities to develop the 300
mgd of new water estimated to be available in the Raritan River
basin. Large-scale use of water from the Delaware River will have
to begin about 1980 if the State is to continue to use water at the
rate estimated to be necessary to support its economic growth.
671316 O 63
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LEGISLATIVE CONTROL OF WATER USE

New Jersey, like any other State of large population and heavy
water demands going back to the early days of the Nation, has a
long history of both successful and unsuccessful attempts to obtain
needed water. As demands grew and as independently operating
communities began to reach beyond their borders to tap progresssively more distant sources of water, conflicts inevitably arose.
They became serious enough by the turn of the century to require
State action. In 1907 the Legislature passed the Surface Water
Diversion Act, which established a State Water Supply Commission
authorized to regulate the diversion of surface water for public
supply so as to insure equitable allocation of the available supplies
among communities. The authority was extended in 1910 to cover
development of ground water for public supply.
Regulatory efforts have always followed the principle of equitable
allocation among inhabitants, rather than among agencies, in accordance with the prevailing riparian doctrine which holds that the
water belongs to the people who own the land and not to the State.
Thus in effect the State acts under the police power to protect the
rights of individuals to use their water. Municipalities as such have
no right to divert water, but the people who make them up have a
right to use water, and control of municipal usage is exercised in
the interest of equitable apportionment of water among people.
Thus pursued, the State's policies have gained public acceptance,
and accordingly the State encountered no serious difficulty when, in
1947, it assumed control over private uses of ground water exceeding
100,000 gpd in designated areas. The basis for the control is the
argument that by the time a property owner has diverted 100,000
gpd from wells he has exhausted the "riparian" rights he possesses
under the common law.
As to both surface water for public supply and ground water for
public and private supply, permits are granted for specified periods,
so that perpetual rights are not acquired and the situation can be
reassessed at the end of each permit period in order that changes
can be made, if necessary, in the public interest.
At present there is no statutory control over the private use of
surface water for either nonconsumptive or consumptive uses, and
conflicts must be settled in the courts in accordance with the riparian
rule. Legislation is now being considered for extension of State
control to private uses of surface water along the lines of the
ground-water law.
LEGISLATION FOR WATER STUDIES AND PROJECTS

The State began in the 1940's to undertake certain specific water
projects. In 1944 the Legislature authorized a project to rehabilitate
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the old Delaware and Raritan navigation canal to provide a source
of water for industrial and later for public use. In 1954 and 1955
the State acquired 94,705 acres of the Wharton Tract in the Pine
Barrens, primarily as a "water preserve" but also for recreation,
forestry, fish and game management, and similar activities. Use of
the tract for the purpose envisioned by the man who gave it his
name development of water for Philadelphia had become impossible when, to prevent contemplated export of surface water to New
York from southern New Jersey, the Legislature passed a law
forbidding export of New Jersey water to other States.
In 1955 appropriations were approved for expanding the cooperative ground-water investigations to provide a more adequate factual
basis for needed control measures of the future. In 1956 and 1958
the Legislature authorized the State to acquire the Eound Valley
and Spruce Run reservoir sites in the Raritan River basin.
In 1958 the Legislature passed a new water-supply act of fundamental importance. The law expresses the State's policy, developed
through the years, of building water-storage facilities to capture
unused waters. The State will not develop specific projects to meet
specific local needs; instead, in support of the right of individuals
to use water under the riparian doctrine, the State will build major
structures to store water and maintain streamflow in the interests of
all who have a need for the water. The law is made effective by
providing for the sale of bonds to obtain needed funds, and a large
issue has already been sold.
The 1958 law authorized bond issues to cover the following specific
expenditures: $39,500,000 for construction of the Spruce Run and
Round Valley Reservoirs; $1,250,000 for a 10-year accelerated statewide program of ground-water investigations; $100,000 for a special
ground-water test program in the Pensauken Formation; and
$5,000,000 for continued studies of surface water to identify the best
reservoir sites for future development and, as authorized by the
Legislature, to begin the purchase of the sites. Of the $5,000,000,
$3,000,000 was limited to the Raritan-Millstone basin. It is the
understanding that, if the Spruce Run and Round Valley projects
are completed successfully and shown to be self-supporting, legislative authorization will be forthcoming for new projects and for
bond issues to finance them. Income from completed projects cannot
be used to finance new ones; when the bonded indebtedness for a
given project is retired the charges for water must be reduced so
as to cover only the operating expenses. Thus a mechanism exists
for construction of facilities as needed, but subject to the continuing
scrutiny of the Legislature.
The Spruce Run and Round Valley Reservoirs, both in Hunterdon
County, are now under construction, completion being expected in
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1964. The Spruce Run Reservoir, near Clinton, will have a storage
capacity of 11 billion gallons. The Round Valley Reservoir, an
offstream pumped-storage reservoir near Lebanon, will have an
initial capacity of 55 billion gallons and provision for expansion.
The anticipated dependable supply of the reservoirs is about 130 mgd.
DEVELOPMENT OF THE DELAWARE RIVER BASIN

Under its slowly evolved policy for development and conservation
of water, and in the mechanism provided by the 1958 law and the
recently enacted Delaware River compact, the State now has the
means to participate effectively in the development of the water
resources of the Delaware River basin. It must look to these
resources about 1980, when judging from present trends it will have
gone about as far as it can go in developing its intrastate water.
Along with the three other States in the basin, New Jersey has a
vital interest in seeing that, when the water is needed, it will be
available in needed quantities and of suitable quality. Through
Incodel it has been demonstrated that the States can cooperate
successfully in solving problems of interstate significance in the
first instance, pollution of the river which by cooperative action has
been substantially abated. Future needs-go beyond what the States
can accomplish by themselves, however. There is a substantial
Federal interest in this basin which, though small in comparison to
some of the major basins in the United States, is one of the most
heavily populated and fastest growing industrial areas in the Nation.
This interest was recognized in the authorization of the Corps of
Engineers' study of the basin, completed in 1960. What is needed
now is refinement of legal, administrative, and physical machinery
for achieving, with appropriate participation of the States and the
Federal Government, the coordinated, effective multiple-purpose
development of the water resources of the basin. The essential first
step has been taken recently with enactment of the Interstate-Federal
Compact for the Delaware River Basin. The compact provides for the
planning, conservation, utilization, development, management and control of
the water and related natural resources of the Delaware River Basin, for
the improvement of navigation, reduction of flood damage, regulation of
water quality, control of pollution, development of water supply, hydroelectric
energy, fish and wild life habitat and public recreational facilities, and other
purposes * * *
OTHER PROBLEMS

The State calls attention to certain specific problems or needs
which, though individually minor in comparison to the broad needs
of Delaware basin development, are nevertheless significant. Among
them is conversion of saline water at low cost, which would be a
means of meeting rapidly growing water needs in coastal resort
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areas where the rate at which ground water can be pumped without
encroachment of salt water is inadequate.
Irrigation is growing more rapidly in New Jersey than in other
Delaware basin States. Control of use of ground water for irrigation is achieved under existing law, but there is need for both
construction of additional surface-storage facilities on small streams
to provide adequate dry-season flows for irrigation and for legislation to control the use of surface water to insure equitable allocation.
Stream pollution is always an existing or potential problem in an
area of large population and industry. Water-storage facilities
designed to increase low flows for water supply will have the added
benefit of providing additional waste dilution, but there is a need
for more effective machinery to enforce existing antipollution laws.
Emphasis is needed on control of pollution at the source rather than
by disposal of polluted water into trunk sewers, in order that the
water may be made available for reuse.
Flood-plain zoning as a means of reducing flood damage is
needed. Many of New Jersey's flood problems involve heavily
built-up areas where conventional flood-control structures are
impractical. New Jersey believes that the Federal Government
should recognize the place of zoning in the Federal flood-control
program. In 1961 a bill was introduced in the State Legislature
providing for delineation of flood-hazard areas by the State to assist
local jurisdictions in developing zoning regulations.
The State believes that a program of flood insurance is needed.
Flood problems are particularly acute in the Passaic River valley,
in which areas subject to flooding are being increasingly occupied
and flood-control measures may become uneconomical if not undertaken soon.
There is a need for clearance of the channels of small streams,
many of which have become choked with sediment and vegetation
to the point that flooding occurs at much smaller flows than formerly.
CONCLUSION

Judged by any standards, New Jersey has demonstrated admirable
forethought in the measures it has taken in recent years to insure
that water problems will not be a deterrent to its continued growth
and prosperity. The problems will continue to grow in potential
severity, as New Jersey increasingly takes on the character of a
central part of the Northeast Coast "megalopolis." There is good
reason for hope that, through intelligent action by the State and its
neighbors and the Federal Government, the actual severity of the
problems can be kept far below the potential.
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NEW MEXICO

Water supply substantial but small in consideration of large area and dry
climate; water use large and growing. Precipitation from 8 inches or less in
desert valleys to 20 inches or more on higher mountains and averages 14 or 15
inches. Runoff mostly between 0.25 and 0.5 inch; is less than 0.1 inch along
Rio Grande and in parts of south, southwest, and northwest; is 2 to 5 inches
in highest parts of Mogollon Rim and in certain other mountains in center
and south, and reaches 10 inches in highest parts of Jemez Mountains, 15
inches in San Juan Mountains, and 20 inches in Sangre de Cristo Mountains;
averages between 0.5 and 0.6 inch for total of more than 3,000,000 acre-feet
per year. According to a 1950 planning report, State receives about 2,100,000
acre-feet per year from Colorado in San Juan River and tributary Animas and
La Plata Rivers and discharges about 2,200,000 into Utah. Receives about
450,000 acre-feet per year from Colorado in Rio Grande and discharges about
650,000 into Texas and Mexico. Discharges into Arizona about 160,000 acrefeet per year in Gila and tributaries and about 34,000 in Little Colorado and
tributaries. Discharges about 450,000 into Texas and Oklahoma in Canadian,
Pecos, and Cimarron (exclusive of Canadian below Logan, N. Mex., and of
North Canadian). There are substantial areas in which drainage is internal
or from which water discharges only underground.
Ground water occurs in alluvium in intermontane basins (including basins
along Rio Grande) and in High Plains, in alluvium and limestone in Roswell
and Carlsbad basins, and in rocks of various types elsewhere. Surface water
largely appropriated; largest supplies remaining for use in State are those of
San Juan and Canadian Rivers. Ground water heavily pumped in intermontane
basins, including those along Rio Grande, in Roswell and Carlsbad basins in
Pecos valley, in Grants-Bluewater area, and in High Plains; being mined In
much of developed area. Ground and surface water interconnected along
major developed streams and interconnection recognized in administration of
water rights.
A principal problem in addition to ground-water mining is nonbeneficial use
of water by evapotranspiration, especially along Rio Grande, Pecos, and
San Juan; total nonbeneficial use in State estimated at 1,160,000 acre-feet per
year, including 330,000 acre-feet lost by direct evaporation from reservoirs.
Other problems include erosion of crop and grazing land, and sedimentation of
channels and reservoirs which in turn leads to problems of flooding and
waterlogging and waste of water by evapotranspiration. Full development of
available supplies will meet water needs for at least some decades but will
involve many difficult adjustments.

New Mexico's water supply and problems are discussed at some
length because of the writer's interest in his native State, but more
importantly because New Mexico has a lot to say for itself on the
subject of water. Its situation and its approach make up an interesting case history of a typical Southwestern State.
The State is a rather high, rather dry area of limited water supply
and large and growing water use. It has a great variety of terrane
and climate. The central and southwestern parts are in the Basin
and Range province and are like much of Nevada except that the
climate is warmer. The northwestern part is like northeastern
Arizona, with the dissected plateaus of the Colorado Plateaus on the
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north and the Mogollon Rim and its volcanic mountains and
plateaus on the south. The south end of the Southern Rocky Mountains projects into the north center as the Sangre de Cristo Range.
Along the eastern slope, in the Great Plains province, are dissected
Paleozoic and Mesozoic strata dipping eastward from the Rockies
and the chain of block-fault mountains to the south, and at the east
edge are the remnants of the alluvium of the High Plains which
formerly blanketed those strata up to the foot of the mountains.
The climate ranges from arctic in the high mountains of the north
to dry semitropical along the lower Rio Grande and Pecos.
The average precipitation is enough to make the average climate
semiarid rather than arid; in fact, Nevada is the only State that is
arid according to the definition of an arid area as one having less
than 10 inches of precipitation a year. The annual precipitation in
New Mexico is 8 inches or less along parts of the Rio Grande valley
and in some of the dry valleys nearby. It is 20 inches or more in
the higher parts of the Southern Rocky Mountains and in some of
the block-fault mountains to the south, and it is 16 inches or more
in the highest mountains in the southern part of the State. It is
about 11 or 12 inches in most of the Colorado Plateaus area, 13 in the
Pecos Valley, and 15 in the High Plains. In the State it averages
about 14 or 15 inches, though no accurate average has been computed.
The runoff is 0.1 inch or less in substantial areas, including a belt
along the Rio Grande and a belt extending westward from the lower
valley through the Mimbres Valley to the Arizona line, the Tularosa
Basin, and most of the San Juan and Pecos River basins and part of
the Little Colorado basin. In the lowlands and plateaus of the rest
of the State it is mostly between 0.25 and 0.5 inch. It rises to 2 inches
or more in the highest parts of the Mogollon Rim and associated
volcanic mountains (5 inches in the Black Range), is 2 inches in the
Zuni Mountains, 5 inches on Mount Taylor, 2 inches in the Manzano
Mountains, and 5 inches in the highest parts of the Sacramento
Mountains, Sierra Blanca, and Carrizo Mountains. It is as much as
10 inches in the highest part of the Jemez Mountains, 15 inches in
the San Juan Mountains, and 20 inches in the Sangre de Cristo
Mountains. The average, according to computations made in 1951 by
C. H. Hardison of the U.S. Geological Survey (unpublished data)
from the runoff contours of Langbein and others (1949) reproduced
in plate 1, is 0.6 inch. For New Mexico's area of 121,666 square miles
this would give a total of 3.5 bgd, or 3.9 million acre-feet per year.
It must be remembered, however, that Hardison's figures for runoff
are based on measurements of areas outlined by highly generalized
contours of runoff (pi. 1) and are rounded off to a tenth of an inch
below 10 inches and an inch above 10 inches. When the runoff is low,
a tenth of an inch of course makes a large percentage difference.
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The State's figures (State Officials, 1960, p. 242), based on a 1950
report of the Bureau of Reclamation in turn based on the Geological
Survey's stream-gaging data, are more instructive in this case. The
figures for the different streams are based on different periods of
record and are not strictly comparable, and they are used simply to
develop an idea of the general situation for planning purposes.
The flow of the Eio Grande illustrates the effect of using different
periods of record. The 1950 report cited by the State shows an
average outflow from the State in the Rio Grande of 647,900 acre-feet
per year based on the period 1890-1935. The report of the U.S.
Geological Survey to the Senate Select Committee (1960b, p. 59)
shows an average outflow, gaged at El Paso, Tex., of 496,703 acre-feet
per year based on the period 1924-57. The figures for inflow in the
Rio Grande from Colorado are closer 448,000 acre-feet per year for
1890-1935 and 480,000 for 1899-1956. The one set of figures, from
the 1950 report, shows New Mexico adding about 200,000 acre-feet
per year to the Rio Grande; the' other shows New Mexico adding less
than 20,000. Obviously, all such figures should be used with caution.
According to the figures cited in the Bureau of Reclamation's 1950
report, then, the total contribution to the major streams by runoff
within New Mexico is 3,040,600 acre-feet per year, of which a little
less than half flows to the Rio Grande, a little less than a fifth to
the Pecos, about a sixth to the Canadian and Cimarron, and the rest
to the Gila, Little Colorado, and San Juan. To obtain total runoff
within the State it would be necessary to add the flow of relatively
small streams that enter basins of internal drainage or basins, such
as the Mimbres Valley and Tularosa Basin, in which the only
discharge from the State occurs as underflow.
The figures in the 1950 report show that New Mexico receives about
2,100,000 acre-feet per year from Colorado in the San Juan River
and tributaries, mostly in the main stem and the Animas River,
450,000 from Colorado in the Rio Grande, and 2,500 from Arizona in
tributaries of the Gila. The State adds a net of about 80,000 acre-feet
to the San Juan before discharging about 2,200,000 into Utah, of
about 200,000 acre-feet to the Rio Grande before discharging 650,000
into Texas and Mexico, and most of the discharge of about 160,000
in the Gila and tributaries into Arizona. In addition, it discharges
water in streams that head in New Mexico as follows: into Oklahoma
and Texas more than 220,000 acre-feet in the Cimarron and Canadian
Rivers; into Texas about 240,000 in the Pecos; and into Arizona
about 34,000 in the Little Colorado and tributaries.
Thus New Mexico receives about 2% million acre-feet of streamflow from outside, generates about 3 million of its own, uses up about
2 million (a large part of it discharged nonbeneficially), and
discharges about 3^ million into downstream States.
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A large part of New Mexico's ground water is in the extensive
alluvial deposits of the Basin and Range province, including those of
the middle and lower Rio Grande valley; and in the bedrock and
alluvium of the Pecos Valley in the Great Plains province. The
ground-water supply of the major aquifers is recharged largely by
infiltration of runoff.
In the northwestern part of the State are generally meager supplies
in the sandstones of the Colorado Plateaus, recharged largely by
infiltration of rainwater and snowmelt. Similar supplies are found
in the sandstones of the dissected plateaus in the northern part of the
eastern slope, a part of the Raton section of the Great Plains
physiographic province. To the south, also between the mountains
and the High Plains, is the Pecos Valley, an extensive basin opened
up in eastward-dipping rocks of Paleozoic and Mesozoic age. The
Paleozoic rocks contain a large proportion of limestone and include
substantial thicknesses of other soluble rocks such as gypsum,
anhydrite, and rock salt. Solution of these rocks played an important
part in the formation of the Pecos Valley, and more important to
water users at present it enlarged crevices in limestone beds which
form important aquifers (along with alluvium) in the Roswell and
Carlsbad basins along the Pecos. The water in the bedrock is
recharged largely by infiltration of streamflowT on the slopes to the
west, that in the alluvium by upward seepage from the bedrock and
infiltration of streamflow and irrigation water.
Finally, there is the alluvium of Tertiary and Quaternary age in
the High Plains, recharged by infiltration of precipitation and,
perhaps more importantly, by infiltration of local runoff which
accumulates in the thousands of shallow "sinks" that dot the Plains.
Water use in New Mexico is rather large and is growing. By far
the largest part of the use is that for irrigation. The total use
(exclusive of conveyance losses) in 1960 was about 2 bgd, or 2,250,000
acre-feet, half ground water and half surface water. Public supply
took 8-i mgd of ground water and 24 mgd of surface water; rural use
22 mgd of ground water and 4.5 mgd of surface water; industrial use
23 mgd of fresh and 0.1 mgd of saline ground water of which 5 mgd
of fresh water was used in public-utility fuel-electric power generation, and 22 mgd of fresh surface water of which 18 mgd was used
for power; and irrigation use a little more than 900 mgd (1,000,000
acre-feet) each of ground water and surface water of which nearly
three-quarters was consumed. The area irrigated largely or solely
with ground water was about 140,000 acres in 1940, 320,000 acres in
1950, and 588,000 acres in 1955 (State Officials, 1960, p. 233). Of the
588,000 acres in 1955, 443,000 was irrigated solely with ground water.
In 1960 the total area irrigated with both ground and surface water
was estimated to be 945,000 acres. An additional 570 mgd (640,000

558

ROLE OF GROUND WATER IN NATIONAL WATER SITUATION

acre-feet), mostly surface water, was accounted for by conveyance
losses, some of which contributed to ground-water recharge. Thus
the total diversion for irrigation was a little more than 2% bgd, or
about 2,800,000 acre-feet,
GKOUND -WATEK STUDIES

New Mexico is the Nation's fourth youngest State,- but it was
among the earliest to be explored and settled, and hydrologically too
it was among the pioneers. The U.S. Geological Survey learned how
to measure streamflow at an experimental camp set up at Embudo,
on the Rio- Grancle halfway between Santa Fe and the Colorado line,
late in 1888 after the Congress appropriated money for an irrigation survey of the arid lands and thus added water-resources investigations to the Survey's responsibilities (Button, 1890, p. 78-79).
Some of the classical work of Slichter (1905a, b) on estimation of
ground-water flow was done in the Rio Grande valley in New Mexico
and Texas, in the vicinity of El Paso. The Survey's investigation,
in cooperation with the State Engineer and Chaves and Eddy Counties, of the ground-water resources of the Roswell artesian basin
(Fiedler and Nye, 1933) was one of the pioneer quantitative groundwater studies. It led directly to enactment of the New Mexico
ground-water law of 1927 and 1931, which was the earliest of its
kind and has served as a model for similar laws in several other
States (National Resources Planning Board, 1943, p. 76, 123, 133134; Hut chins, 1955b, p. 47). The Rio Grande Joint Investigation,
the ground-water sections of whose report are cited later, was the
first interstate planning study of its type. Since 1936 C. V. Theis
of the Geological Survey has been stationed at Albuquerque, adding
many contributions in ground-water hydrology to the major one
lie made in 1935 when he developed the "nonequilibrium formula"
for computing and predicting the effects of pumping or recharging
wells in the present writer's opinion, the most important single
contribution to quantitative ground-water hydrology in the last half
century.
New Mexico is a leader as well as a pioneer in hydrologic studies.
The Geological Survey and its cooperating State and local agencies,
chief among which are the Office of the State Engineer, the State
Highway Department, the New Mexico Institute of Mining and
Technology and its State Bureau of Mines and Mineral Resources
Division, the Interstate Stream Commission, and the Pecos River
Commission, spend nearly a dollar a year per capita on hydrologic
studies, a level for such cooperative studies exceeded in few if any
other States. The expenditure shows simply that the State puts
first things first, recognizing that if it does not know enough about
its water to achieve full and effective development and management
it faces a most uncertain future.
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The cooperative studies have produced a large number of reports,
of which the hundred or so cited in this report include only the
principal ones plus a scattering of others as examples of their types.
Even so, the State is so large and its hydrologic problems so complex that what has been done so far is only a start, though a very
good one.
Eeports on specific valleys, basins, or other sizable ground-water
areas are cited in the descriptions given in the following section on
ground-water resources. Keports on several especially significant
areas or subjects, county studies, and examples of reports on small
areas are cited below.
The ground-water resources and problems of the whole State are
described briefly by Conover (1951) and Hale (1962). The latter
paper was presented at the Sixth New Mexico Annual Water Conference, the report of which contains also an interesting paper by
Governor Edwin L. Mechem on the history of ground-water development and ground-water law in New Mexico; a paper by State Engineer S. E. Reynolds on administration of the ground-water law and
similar papers on their States by officials of Colorado, Arizona, and
Texas; and several other papers of interest.
Ground water in south-central New Mexico is described by Conover and others (1955). The municipal water supplies are described
by Conover (1957). The saline-water resources of the State are
described briefly in a report by Krieger and others (1957) covering
the United States and in more detail in a report on New Mexico by
Hood and Kister (1962). These reports are a contribution to the
Interior Department's program for development of economical
methods of demineralizing saline water.
Data on water-level fluctuations in observation wells, which along
with data on pumpage are essential in keeping track of the current
status of the ground-water resources, are published by both the U.S.
Geological Survey and the State Engineer. Data for 1925-35 were
published in Water-Supply Paper 777 of the Federal Survey, and
data for succeeding years through 1955 in the appropriate paper of
the series for the whole country or, for years after 1939, the part
for the Southwestern States. Beginning with the period 1956-60
the data are to be published at 5-year intervals instead of annually,
and are to be for only certain key wells rather than for all wells
included in previous reports.
The State published in 1959, in four parts of the State Engineer's
Technical Report 13, water-level measurements for 1951-55 and
maps showing changes in water level for various periods from the
beginning of record. The four parts covered the High Plains; the
Pecos River valley and Roswell basin; the south-central closed basins,
Rio Grande valley, and other areas in central New Mexico; and
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southwestern New Mexico. A fifth part of Technical Report 13 combined the data for the State. Data for succeeding years have been
covered in annual reports, of which the latest to be completed is that
for 1960 (Ballance and others, 1962).
Major areas in the State have been described in more or less
detail in several reports. The Rio Grande valley is described in a
report of the National Resources Committee on the Rio Grande
Joint Investigation which includes descriptions of geology and
ground water in the Rio Grande depression in Colorado and New
Mexico (Bryan, 1938), of ground water in the San Luis Valley,
Colo. (Robinson and Waite, 1938), and of the middle Rio Grande
A^alley in New Mexico (Theis, 1938a). A report on quality of water
by C. S. Scofield of the Bureau of Plant Industry of the Department of Agriculture forms pages 429-466 of the same volume; the
basic data are presented in another report by Scofield (1938). A
brief paper by Titus (1961) describes the ground-water geology of
the Rio Grande trough.
The Pecos Valley is described in a report of the National Resources
Planning Board on the Pecos River Joint Investigation which
includes a report on geology and ground water in both the New
Mexico and the Texas portions of the valley by Theis, Sayre, and
others (1942). A report on quality of water by C. S. Howard, W. F.
White, Jr., and W. W. Hastings of the Geological Survey forms
pages 102-132 of the same volume.
The report on the Roswell artesian basin by Fiedler and Nye
(1933) has already been mentioned. Other reports on the basin are
cited in the writeup in a following section.
Another large and important, though not so productive, groundwater basin is the Tularosa, described in an early report by Meinzer
and Hare (1915) and in a later report prepared for the Corps of
Engineers by Herrick and others (1960).
The High Plains of New Mexico and Texas are described in a
general way by Gaum (1953). Maps by Lohman and Burtis (1953a,
b) show areas covered by principal reports and general availability
of ground water in the Arkansas, White, and Red River basins, an
area which includes the Canadian and Cimarron River basins in
northeastern New Mexico.
The Navajo country a principal part of the Colorado Plateaus
is described in an old but classical report by Gregory (1916). In
recent years extensive studies have been made on the Navajo and
Hopi Reservations, chiefly to locate ground-water supplies" for
domestic and industrial use. General descriptions are given by
Halpenny (1951) and by Harshbarger and others (1953). The first
of a number of detailed reports to be published on geology and
ground water describes the stratigraphy of the uppermost Triassic
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and the Jurassic rocks, which include many of the most important
aquifers (Harshbarger and others, 1957). The current program of
assistance to the Navajo Tribe in locating specific well sites is
described briefly by Akers (1960b). Examples of the many brief
reports that have been prepared on specific areas are those on the
Chiiska Mountains area in San Juan and McKinley Counties, N. Mex.,
and adjacent Apache County, Ariz. (Harshbarger and Repenning,
1954), the Red Lake area west of the south end of the Chuska
Mountains (Akers and others, 1962), and the Fort Wingate and
Gallup areas in McKinley County (Callahan and Cushman, 1955;
West, 1958, 1961).
Ground water in the vicinities of two principal cities in New
Mexico is described in reports on the Sante Fe area by Spiegel
and Baldwin (1962) and the Albuquerque area by Bjorklund and
Maxwell (1961). Examples of the several dozen reports on small
areas scattered over the State are those on the Fort Union area
in Mora County (Winograd, 1956) ; the upper Sacramento River
canyon in the Sacramento Mountains in Otero County (Mourant,
1957); the Nara Visa-Porter area in the High Plains in Quay
County (Trauger, 1953); the Rito Resumidera-Poleo Canyon area
in Rio Arriba County (Hollander, 1954) ; an area in Taos and Rio
Arriba Counties including three towns of which the name of one,
No Agua (no water), gives an idea of the local situation (Winograd,
1955) ; the Farmington area in the San Juan River valley in San
Juan County (Rapp, 1959) ; and several proposed well sites in the
Gila National Forest in Sierra and Catron Counties (Trauger,
1960).
Reports, new and old, reconnaissance and more detailed, on whole
counties or substantial parts of counties include those on eastern
Colfax County (Griggs, 1948), Curry and Roosevelt Counties (Theis,
1932), Curry County alone (Howard, 1954), De Baca County
(Bryan, 1926c), Eddy County (Hendrickson and Jones, 1952, Lea
County (Theis, 1934b), northern Lea County (Nye, 1930, 1932;
Conover and Akin, 1953b; Ash, 1961; Ash, publication pending),
southern Lea County (Nicholson and Clebsch, 1961), Luna County
(Darton, 1916), western Sandoval County (Renick, 1926a, 1931),
San Miguel County (Griggs and Hendrickson, 1951), Socorro
County (Bryan, 1926b), Socorro and Torrance Counties (Black and
Powell, 1928), northeastern Socorro County (Spiegel, 1955), and
Torrance County (Smith, 1957).
A subject of great importance in New Mexico is salvage of water.
Salvage of water through improvement of quality is exemplified
by the proposal to intercept natural brine, now discharging into
the Pecos River at Malaga Bend in Eddy County, by pumping it
from wells and allowing it to evaporate in a closed depression,
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Queen Lake. The feasibility of intercepting the brine is discussed
by Hale and others (1954). The extent to which the Queen Lake
depression will let the brine leak back into the aquifer instead of
holding it to be evaporated is discussed by Cox and Havens (1960).
Salvage of water discharged by low-value vegetation, especially
saltcedar (tamarisk), along the Rio Grande and the Pecos River
is the subject of several reports. In 1950 a Salt Cedar Interagency
Council was established, consisting of representatives of the Office
of the New Mexico State Engineer and of the Departments of the
Army, Agriculture, and Interior. A Salt Cedar Interagency Task
Force, New Mexico, was appointed and submitted an administrative
report to the Council in February 1951. One of the appendixes of
the report, discussing factors to be considered in studying the
salvage of water used by phreatophytes, is to be published in a
report of the State Engineer (Conover and Theis, 1962).
In 1951 a Salt Cedar Action Committee was formed and appointed
a Salt Cedar Technical Sub-Committee. The Sub-Committee submitted an administrative report to the Committee in March 1952.
One of the appendixes, discussing phreatophytes in the McMillari
Delta area of the Pecos River, is to be published by the State Engineer
along with that of Conover and Theis cited above (Rowland and
Conover, 1962).
The phreatophyte problem in the Rio Grande valley between
Truth or Consequences (formerly known as Hot Springs) and
Las Palomas, in Sierra County below Elephant Butte Dam and
above the Caballo Reservoir, is discussed by Cox and Reeder (1962).
That in the Pecos River valley between Acme in Chaves County
and Artesia in Eddy County is discussed by Mower and others
(publication pending) and Lingle and Linford (1961). The part
of the Pecos valley above Lake McMillan, along with the stretch
of the Rio Grande valley in the 20 miles above San Mareial,iis
discussed in the 1952 report of the Salt -Cedar Technical SubCommittee, including the appendix by Rowland and .Conover cited
above.
Lake McMillan, an artificial reservoir on the Pecos River, doses
water by leakage through crevices in soluble rocks.as well as by
transpiration by saltcedar in and upstream from the delta at the head
of the lake. The underground movement of water from the lake to
Major Johnson Springs on the river to the south is described by
Theis (1938c). The results of recent test drilling in the area between
the lake and the springs are given by Cox (1957).' The leakiness of
a site once proposed for a reservoir on the Pecos below McMillan
Dam is discussed by Meinzer and others (1927).
GROUND-WATER RESOURCES

In this section the conditions and problems in the principal
ground-water areas in New Mexico are described briefly. For each
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area described the principal published or open-file reports are
cited; some of them have already been cited in the preceding section.
Information on reports not cited in either this or the preceding
section, as well as unpublished information on areas not described
here, can be obtained from the district office of the U.S. Geological
Survey in Albuquerque.
The major areas are treated in the following order: High Plains,
Canadian and Cimarron River basins, Pecos River basin, Rio
Grande valley, basins in central and south-central New Mexico,
basins in southwestern New Mexico, Gila and San Francisco River
basins, and Colorado Plateaus.
HIGH PLAINS

The High Plains physiographic province, the Great Plains
ground-water region as defined by Thomas (1952a), includes the
undissected remnants of the High Plains in easternmost New
Mexico both north and south of the Canadian River and the dissected
areas along the edges which are underlain by the Ogallala Formation
of Pliocene age or by alluvium of Quaternary age representing
mainly reworked Ogallala. Ground water in the whole High Plains
area is described in general terms by Lohman (1953a) and on pages
39-45 of this report. That in the southern High Plains of Texas
and New Mexico is described by Gaum (1953). The part of the
Plains north of the Canadian River in New Mexico is lightly pumped ;
it is included in the Canadian River basin as described in this report.
The southern High Plains in New Mexico is a part of a larger
area in New Mexico and Texas known as the Llano Estacado. The
part in Texas is the most heavily pumped area in that State. The
part in New Mexico is smaller and the ground water has been
developed on a large scale more recently, but it too is an area of
heavy pumping and ground-water mining.
Water is obtained mainly from the Ogallala Formation, but along
the edges of the Plains and in basins excavated into the Plains it
is obtained also, or instead, from alluvium of Quaternary age.
There is no surface runoff to perennial streams, although there is
local runoff into undrainecl depressions, as well as flash floods in
arroyos cutting the edges of the Plains. Seepage from the imdrainecl
depressions at times when they contain water, seepage from the
arroyos in times of flood, and infiltration of precipitation into dune
sand such as that in the Portales Valley are probably the chief
means of replenishment of the ground water. The larger arroyos
should be gaged to determine how much water they contribute to
the ground and how much could be impounded in them by dams
for recreational and other uses.
The ground water in the Ogallala and Quaternary is of generally
satisfactory quality for irrigation, industrial, and domestic use. The
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fluoride content is excessive in some areas, and additional information on such areas is needed. The bedrocks underlying the Ogallala
generally yield only small supplies of water which in most places
is saline, but in a few areas they yield usable water.
NORTHERN LEA COUNTY

Northern Lea County is one of the principal areas of thick and
productive water-bearing sand and gravel and of ground-water
pumping in the New Mexico High Plains. Substantial pumping
began more than 30 years ago, and interest in the area dating
from that time is shown by the numerous reports that have been
prepared. These include reports by Nye (1930, 1932), Theis (1934b),
Conover and Akin (1953b), and Ash (1961; Ash, publication pending), as well as a number of progress reports published by the
State Engineer but not cited here. A study of ground-water recharge
in the area is underway; one phase on which a report has been
completed is use of the tritium content of ground water as an
indicator of localities of recharge.
The principal aquifer is the Ogallala Formation, which yields 200
to 1,600 gpm to individual wells. About 80,000 acres was irrigated
in 1958. Ground water is used also for domestic, stock, and municipal supplies and for drilling oil and gas wells and repressuring oil
and gas sands. In four areas totaling about 14 square miles northeast
and east of Lovington the water table declined more than 25 feet
between January 1950 and January 1960. The ground water in the
developed areas is being mined. All except the northernmost 500
square miles or so of northern Lea County is included in the Lea
County basin "declared" by the State Engineer, who thus assumed
control over the development. In declared areas in New Mexico
where ground water is being mined, the State Engineer under the
New Mexico ground-water law allows appropriation until the
remaining supply is determined to be sufficient for continued
development for a period of years sufficient for recovery of initial
investment and realization of a reasonable profit. He then stops
granting permits for new appropriations. Parts of the Lea County
basin
have now been closed in this way,
and the remaining
water
^
»/ )
o
is expected to last 40 to 60 years, after which a small perennial
supply will remain for domestic and other small-scale uses. Additional information is needed on the thickness and hydrologic
characteristics of the Ogallala in areas of few wells, in order that
a closer estimate of the amount of water remaining for development
can be made.
Information is needed on the availability of saline water from the
bedrocks for use in oil drilling and repressuring, in order that use
of fresh water for these purposes can be reduced.
Local contamination of the fresh water by oil-field brines became
evident in the early 1950's. Progress has been made in eliminating
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unlined pits used for brine disposal and in injecting waste brine
into saline-water-bearing rocks.
Information is needed on the effect on water quality of return of
a part of the irrigation water, concentrated by evaporation, to the
water table; also, on the accumulation in the soil of salt from water
applied in quantities just sufficient to meet the evapotranspiration
requirement.
SOUTHERN LEA COUNTY

In southern Lea County the Ogallala Formation is thinner than
in the northern part of the county, and there is more reliance on the
Quaternary sediments which overlie the Ogallala in the eastern part
of the area and replace it in the western. The Triassic rocks below
yield small quantities of usable water. The area is described by
Nicholson and Clebsch (1961).
About 6,000 acre-feet of water was pumped in 1954 and the
pumping has continued to increase. In 1954 the water was used
mainly for irrigation and for gasoline plants in approximately
equal amounts. The aquifers are not highly productive and difficulty is commonly met in obtaining water in desired quantities.
The water is of fairly good quality.
Disposal of oil-field brine (3,700 acre-feet in 1955), mostly into
open pits, has contaminated the ground water locally. State
agencies in collaboration with the petroleum industry are seeking
a solution to the problem of disposal of these wastes.
PORTALES VALLEY

The Portales Valley is another important ground-water area of
the High Plains in New Mexico. Ground water of good quality
is obtained from Quaternary alluvium and 'dune sand deposited in
a broad, shallow valley cut into, and in most places all the way
through, the Ogallala Formation. The area is described by Theis
(1932, 1934a), Conover and Akin (1953c), and Howard (1954).
Water is pumped mainly for irrigation but is used also for public
and rural supplies. About 51,000 acres was irrigated in 1958 from
wells yielding 300 to 1,000 gpm. The water table declined more
than 30 feet from January 1950 to January 1960 in two areas, east
and west of Portales, which add up to about 10 square miles. The
ground water is being mined, and the area has been declared by
the State Engineer.
As the wrater table declines in the heavily pumped districts, there
in increasing danger of encroachment of saline water from the
bedrocks into the fresh-water aquifers. Additional studies are
needed to enable more precise estimates of the quantity of water
remaining for development and also to evaluate the problem of
salt-water encroachment.
671316 O 63
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Dune-sand areas along the north side of the valley are not suitable for agriculture, and the water beneath them could be exported
to the pumped areas. A study to determine the feasibility of
exporting water from these areas is being made by the State
Engineer.
HOUSE AEEA

The area in the vicinity of House in southernmost Quay County
is one of substantial pumping from the Ogallala Formation. Wells
yield 100 to 500 gpm of water of good quality and irrigated about
3,000 acres in 1958. Additional water was pumped for ranch and
village supplies. Ground water is being mined, and water levels
declined more than 20 feet in 1950-60 in an area of 1 square mile
north of House. Declines will continue and cones of depression will
expand as pumping continues.
A general study of ground water in Quay County has been made
and a report is in preparation. Additional quantitative studies are
needed in the House area to provide a basis for an estimate of the
life of the supply.
CLOVIS AEEA

The Clovis area is in southeastern Curry County and northeasternmost Roosevelt County, north of the Portales Valley. Ground water
of good quality is obtained from the Ogallala Formation. Wells
yielding 400 to 1,200 gpm are used for irrigation. The development
started in 1948, was accelerated during the drought of 1954-55, and
has been stabilized at about 80,000 acres since 1956. Additional water
is used for town and ranch supplies and for defense installations.
Ground water is being mined in the area, and water levels declined
as much as 15 to 20 feet in some wells in the period 1954-60. Pumping lifts are as great as 400 feet in a few wells.
CAUSEY-LINGO AEEA

The Causey-Lingo area is in eastern Roosevelt County near the
Texas line. It is a High Plains area of special interest because the
chief aquifer is not the Ogallala Formation but sand and gravel
deposited in Cretaceous time in valleys cut into Triassic rocks long
before the Ogallala Formation was deposited. The Ogallala yields
some water to wells. The area is described by Cooper (1960).
The ground water is hard and has a high fluoride content but
otherwise is suitable for most purposes. The irrigation development
was slight before 1954 but became extensive in that year because of
drought. Wells averaging 150 feet in depth yield an average of 500
gpm. In 1960 about 100 wells irrigated about 6,000 acres, chiefly
cotton. Water levels in observation wells were first measured in 1956
and 1957. The levels fluctuate as demands vary in accordance with
precipitation, but the overall trend is downward; the average decline
in 1956-60 was 3.2 feet.
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Controls have not yet been imposed by the State and may not
be needed unless too many wells are drilled in localities where wells
are already closely spaced and mutual interference causes large
declines in water levels during the pumping season. Under current
economic conditions the development is not likely to increase rapidly,
however. Additional quantitative studies are needed to guide future
development and the control measures that may eventually be needed.
CANADIAN AND CIMARRON RIVER BASINS

The Canadian and Cimarron River basins lie in northeastern New
Mexico and are an area of prevailingly scarce ground-water supplies.
The only known moderately productive areas are the part of the
High Plains north of the Canadian River, which is only nominally
a part of the river basins because little of it discharges any water
to the rivers; the area of Mesozoic rocks around Tucumcari in Quay
County; and an area of Quaternary alluvium south of Capulin
in Union County.
Generalized studies have been made in most of the area of the
basins, but few reports are available. The only sizable areas covered
in published reports are eastern Coif ax County (Griggs, 1948) and
the part of San Miguel County (the eastern part) that is within
(he Canadian basin (Griggs and Hendrickson, 1951). The area
around old Fort Union in Mora County is covered in a brief openfile report (Winograd, 1956). The availability of water for irrigation in the Nara Visa-Porter area in northeastern Quay County is
discussed briefly by Trauger (1953). A few other localities in the
basins are covered by similar reports. Substantial studies have been
made in the Tucumcari area, but to date only two brief reports have
been completed and released to the open file (Murray, 1944, 1945) ;
a comprehensive report is in preparation. Ground water at the
Capulin National Monument north of Capulin in Union County is
described by Cardwell (1958), but the irrigated area south of Capulin
has not been studied.
The basins are underlain by generally eastward-dipping strata,
mostly shale and sandstone, which are similar to those in the upper
Pecos River basin except that Paleozoic rocks are missing and all
the exposed rocks are Mesozoic and Cenozoic. The basins are a
dissected plateau in which the highest mesas in several large areas
are capped by lava of Tertiary and Quaternary age. In the east,
the consolidated sedimentary rocks of Mesozoic age are mantled by
the Ogallala Formation of the High Plains.
The High Plains area is not large and the Ogallala Formation is
thinner than it is in the Curry-Roosevelt and Lea County areas
south of the Canadian River and is considerably dissected by streams.
Accordingly, the Ogallala is not as productive an aquifer as it is
south of the Canadian, and it is little developed to date. In the
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Nara Visa-Porter area in Quay County the Ogallala is not even
as promising as are local thin bodies of alluvium (Trauger, 1953).
Surface runoff is not high, as only a small part of the upper
Canadian basin drains the higher part of the Sangre de Cristo
Mountains and most of the area of the basins is in the rain shadow
of the mountains. Small areas are irrigated with often inadequate
supplies of surface water along the Cimarron Eiver in Union
County; in the upper Canadian basin in southwestern Coif ax
County; and in the vicinities of Mora and Watrous along the Mora
Eiver, a tributary of the Canadian, in Mora County.
A sizable area (about 40,000 acres) in the vicinity of Tucumcari
is irrigated with water from the Canadian Eiver stored in the
Conchas Eeservoir. The water from the reservoir is usable for irrigation and stock supply but at times will not meet U.S. Public Health
Service drinking-water standards with respect to chemical quality;
seepage from irrigated fields has caused local waterlogging and has
depreciated the quality of some of the ground water, owing both to
the generally greater mineralization of the surface water applied
and to leaching of soluble material from the soil and subsoil. The
ground-water level has risen about 110 feet since 1952 at one observation well in the irrigated area, but water levels declined an average
of 80 feet from 1945 to 1960 in the Tucumcari city well field, which
is outside the irrigated area.
The ground water for Tucumcari is obtained from the Entrada
Sandstone, of Jurassic age. Similar sandstones yield water locally
throughout the basins, but in most places they are much less productive than they are at Tucumcari, where the Entrada is relatively
unconsolidated.
Alluvium of Tertiary age in the Ogallala Formation and alluvium
of Quaternary age which locally is rather permeable, as south of
Capulin and in the Nara Visa-Porter area, are the other principal
aquifers in the basins. Yields of public-supply wells and the few
irrigation wells are as high as 1,500 gpm but average only about 150
gpm. Some of the smaller communities have had difficulty in getting
enough water to meet even their modest requirements.
Some of the volcanic rocks are permeable, but in general they
lie considerably above stream level and are drained.
Under the provisions of the Canadian Eiver Compact, New
Mexico is entitled to free and unrestricted use of the waters of the
Canadian Eiver, provided that conservation storage for water
originating below Conchas Dam does not exceed 200,000 acre-feet.
Construction of a dam near Logan in Quay County to allow beneficial use of part of the water available in the Canadian Eiver
has been proposed and feasibility studies are underway. The water
is expected to be available for irrigation and other uses. As in the
Tucumcari area, waterlogging and deterioration of the chemical
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quality of ground-water supplies by seepage of irrigation water
are problems that may develop.
Except for the additional supply from the Canadian, large new
supplies of water are generally unavailable. Economical methods of
converting saline water would be helpful to many communities in
areas where water meeting ordinary standards of potability is
scarce or nonexistent and water of poorer quality must be used.
PECDS RIVER BASIN

The Pecos River heads in the southern Sangre de Cristo Mountains
east of Santa Fe and flows southeastward to De Baca County, west
of the Clovis and Portales Valley areas of the northern part of
the southern High Plains. The river then turns southward to Lake
McMillan and then flows generally southeastward into Texas. It
has a broad, shallow basin opened up mostly in Permian rocks
dipping eastward from an interrupted chain of fault-block mountains of which the principal ones of interest, beginning on the
south, are the Guadalupe and Sacramento Mountains, the Sierra
Blanca, and the Jicarilla Mountains. Presumably the basin was
once a part of the High Plains and was mantled by the Ogallala
Formation, whose sediments were derived from the fault-block
mountains just as those in the Ogallala farther north were derived
from the Rockies. The southeastward-flowing upper part of the
river may have carried some of the sediments from the south end
of the Rockies. After the Llano Estacado was formed, the river
probably continued the southeastward trend of the upper course
and formed the Portales Valley before flowing into Texas (Fiedler
and Nye, 1933, p. 99-100). Later, the lower part of the stream
extended its headwaters northward from Texas and captured the
upper part, diverting the flow southward. This event must have
occurred during the Pleistocene Epoch, for it was after deposition
of the Ogallala was completed.
In its upper course the river has removed the Ogallala Formation
and is cutting into rocks, mostly sandstone and shale, which are
not highly permeable. Thus ground-water supplies are not abundant.
In the broad part of the basin extending southward from a little
beyond the south end of Guadalupe County, however, alluvial valley
fill is present and is a productive source of ground water. Moreover,
beneath the alluvium are strata which include cavernous limestone
bringing artesian water from the east slopes of the fault-block
mountains where the limestone crops out. The northern and larger
part of this section of the basin is the famous Roswell artesian
basin. The productive area narrows to a few miles south of Lake
McMillan, and then opens up into a similar artesian basin, the
Carlsbad area.
There is extensive irrigation with both ground and surface water
in the Roswell basin, Carlsbad area, and areas along certain tribu-
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taries, and these areas constitute "watercourses" along which there
is interchange of ground and surface water. Under the terms of
the Pecos River Compact, "New Mexico shall not deplete by man's
activities the flow of the Pecos River at the New Mexico-Texas state
line below an amount which will give to Texas a quantity of water
equivalent to that available to Texas under the 1947 condition."
Thus additional water can be obtained only by salvaging "consumptive waste" the water discharged by evapotranspiration in
areas of low-value water-loving plants or by storing unappropriated floodwater. Reports involving salvage of water now used by
phreatophytes in the stretches of the valley between Acme and
Artesia and above Lake McMillan have been cited (Mower and
others, publication pending; Rowland and Conover, 1962). Another
method to increase the supply of usable water which would benefit
mainly Texas is the interception and evaporation of brine entering
the river at Malaga Bend (Robinson and Lang, 1938; Hale and
others, 1954; Cox and Havens, 1960). This project has been
authorized for construction by the Bureau of Reclamation.
A report by Theis, Sayre, and others (1942) describes geology
and ground water in the whole basin. Reports by Griggs and
Hendrickson (1951), Bryan (1926c), and Hendrickson and Jones
(1952) describe ground water in the San Miguel, De Baca, and Eddy
County parts of the basin. A paper by Clebsch (1958) discusses
the effects of solution by ground water in an area in western
Guadalupe County in the upper part of the basin. As stated
previously, solution played an important part in formation of the
basin. A report by Cooper (1962) presents the results of groundwater investigations made in support of Project Gnome, a research
project involving explosion of a nuclear device in salt-bearing beds
at a site 25 miles southeast of Carlsbad. A report by Lingle and
Linford (1961) sums up studies made under the auspices of the
Pecos River Commission. Reports on important ground-water areas
within the basin are cited in the following descriptions.
ROSWELL BASIN

The artesian water of the Roswell basin is discussed in a number
of reports cited in the section on ground-water studies, of which the
principal one is that by Fiedler and Nye (1933). A recent study by
the New Mexico Institute of Mining and Technology (Hantush,
1955) applied modern quantitative techniques which, reassuringly,
confirmed the general accuracy of the estimate of perennial yield
made by Fiedler and Nye on the basis of much scantier data than
are now available.
The artesian limestone is of Permian age. In most of the basin
it is the San Andres, above which strata of the Artesia Group (Tait
and others, 1962) act as a confining bed. In the extreme southern
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part the aquifer is limestone in the Artesia Group itself or in its
subsurface equivalent. The limestone strata crop out on the east
slopes of the mountains and then pass beneath less permeable beds
which confine under artesian pressure the water recharged from
precipitation and streamflow in the outcrop areas. Before' the water
was tapped by wells it percolated upward through the confining
beds into the valley fill, there to be evaporated or transpired or to
flow into the river.
Irrigation with surface water began before 1880 but did not
become extensive until much later. The first flowing well was drilled
about 1891, and by 1900 there were 153 wells, used mostly for
domestic supply and watering gardens (Fiedler and Nye, 1933, p.
190-191). Drilling of wells for irrigation in the Chaves and Eddy
County parts of the basin began in 1903 and 1904. The wells at
first were mostly 6 or 8 inches in diameter and generally yielded
500 to 1,000 gpm. A few yielded more; one flowed 5,710 gpm when
drilled in 1926 (idem, p. 193).
As the years passed, hundreds of additional wells were drilled,
and the artesian head began to go down. Wells on the higher slopes
ceased flowing, and those in the valley declined in yield. Now most
wells of large yield are pumped, at rates which in several areas are
as high as 1,500 gpm.
The initial impression of an inexhaustible supply gave way to
concern as the artesian head declined. Leaky wells were blamed for
the decline, and indeed such wells leaking water into the valley
fill were responsible for a part of it. A campaign of locating and
repairing or plugging such wells has been active since the 1920's.
The principal cause of the decline, however, was the withdrawal
of water for irrigation.
The study by Fiedler and Nye, undertaken at the request of the
State in order to determine how much water could be safely used,
was one of the most ambitious that had been attempted to date. It
has since proved to be one of the most successful. It was largely
on the basis of its conclusion (1933, p. 253) that the 1925-27 rate
of withdrawal was perhaps 30,000 to 40,000 acre-feet per year in
excess of the "safe yield" that the law was passed in 1927 giving
the State Engineer control over the development to safeguard the
water supply. (See Hutchins, 1955b.) The study of Hantush (1955)
resulted in development of a method for computing recharge from
the amount of precipitation in the current year and the preceding
2 years. The method gives results very close to those of Fiedler
and Nye and tends to confirm the validity of their work.
The ground-water law of 1927 was declared unconstitutional on
a technicality but was stated in the decision to be sound otherwise.
It was reenacted in corrected form in 1931 and has since been confirmed by court decisions. The earliest of its type, it has served as
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a model for laws since enacted in several Western States, and its
essential features are embodied in proposed uniform laws drafted
by the Association of Western State Engineers and by the National
Resources Planning Board (1943, p. 128-136).
The Roswell basin was among the first to be declared by the
State Engineer. Nevertheless, the total discharge still exceeds the
perennial yield, and probably it will ultimately be necessary to
reduce the total usage in the basin. After the total discharge has
been brought into balance with recharge, the Roswell basin will continue as one area of large perennial supply in a State in which the
water of many of the principal aquifers is perforce being mined
because the rate of recharge is so low.
Droughts during 1950-60 reduced recharge and caused the decline
in head caused by withdrawal to increase. The water table in the
recharge area declined as much as 25 feet. Declines in the areas
of withdrawal were as much as 20 feet in the northern part of
the basin, 40 feet in the central part, and 50 feet in the southern part.
Quality of water is now a principal concern in the basin (Hood,
1960, 1962; Hood and others, 1960). The water in the aquifer is
saline beyond the east edge of the valley floor and also in the Salt
Creek area at the north end of the basin because ground-water
circulation is slow. It is saline also at depth in the aquifer beneath
parts of the valley floor. As the fresh-water head declines, salt
water is migrating toward the centers of greatest withdrawal,
especially the Roswell-Dexter area. Some wells east of Roswell
already have had to be abandoned because their water became too
salty for irrigation. The ultimate solution to the problems of both
declining water levels and saline encroachment is to reduce the
total discharge to a rate equal to or less than the recharge and to
relocate wells that would still yield saline water after recharge and
discharge were brought into balance.
Some floodwater still escapes from the basin. A part of it could
be captured by directing it into sinkholes in limestone in the recharge
area. Studies to guide such operations are underway.
"Shallow" ground water in the valley fill also is an important
source of gronnd water (Morgan, 1938). The water is recharged
principally by "return flow" of irrigation water and by upward
leakage of artesian water through the confining beds and through
defective wells; along the river there is some recharge from
streamflow also.
During the period when irrigation water was obtained from the
artesian aquifer by natural flow, the shallow ground water was not
used much, and the alluvium even became waterlogged in some
places as water seeping- from irrigated fields increased the recharge
beyond the capacity of the alluvium to carry the water to the river.
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When natural flow from artesian wells decreased it became apparent
that the shallow water was an attractive source inasmuch as large
yields from wells had to be obtained by pumping anyway. Since
then the shallow aquifer has been pumped heavily. During 1950-60
the water table declined as much as 40 feet in the most heavily
pumped areas. The declines were greatest in two areas: one about
20 miles long and 5 miles wide, extending from near Orchard Park
to a point southwest of Hagerman; and the other, smaller but
expanding, in the vicinity of Artesia.
In addition to water-table declines, quality of water and waterlogging are problems locally. The water is of generally good quality
but is saline in places in the bottom lands and east of the Hagerman
Canal. The salinity is due in part to concentration of water by
evaporation in areas of shallow water table which existed naturally
or have* been created by seepage of irrigation water from fields and
canals, and in part to application of saline surface or ground water
for irrigation. Waterlogging by seepage of surface water is especially
marked along the Hagerman Canal.
Stabilization of the water table at a proper level is the principal
need. Lowering of the water table increases upward leakage from
the artesian aquifer, so stabilization would help to conserve water in
that aquifer also. On the other hand, where the water table is too
high it needs to be lowered, by means such as ground-water pumping,
installation of additional drains, and lining of the Hagerman Canal.
Replacement of low-value bottom-land vegetation, now wasting
water, with forage grasses that would use less water and also would
be valuable in themselves is a potential method of increasing the
useful water supply (Mower and others, publication pending).
More exact information is needed on all phases of ground-water
hydrology to serve as a basis for corrective measures hydraulic
properties of the alluvium, quantity of water discharged by phreatophytes, interrelation of ground and surface water along the river and
tributaries, amount of upward leakage from the artesian aquifer,
and amount of recharge from irrigation water.
HONDO VALLEY

The Hondo Valley is the lowland along the Hondo Eiver, a tributary that enters the Pecos near Roswell. About 4,000 acres is irrigated on the narrow valley floor. The lands first irrigated were
supplied from the Hondo Eiver. Beginning about 1950 wells were
drilled in alluvium for supplementary water, and in 1960 about
2,850 acres was supplied in part from wells. There has been little
additional development since 1953, when the basin was declared by
the State Engineer.
The water is of fair quality, although the sulfate content of the
water in rocks underlying the alluvium is commonly rather high.
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The valley is in the recharge area of the artesian aquifers of the
Roswell basin, and consumptive use of water in the valley reduces
the supply available to that basin. The Hondo Reservoir, an offstream reservoir 9 miles southwest of Roswell, proved to be so
leaky that it has been used only for flood control and incidental
recharge to the artesian aquifer (Bean, 1949; Theis, 1951).
PENASCO VALLEY

The Penasco Valley (Renick, 1926b) is along the Rio Penasco,
a tributary that enters the Pecos River in the southern part of the
Roswell basin. It is similar to the. Hondo Valley in type, development, and effect of the development on the artesian water of the
Roswell basin. About 2,800 acres is irrigated, 1,200 with surface
water, 1,400 with surface and ground water, and 200 with ground
water. Drilling of wells for irrigation began about 1950, and there
has been little additional development since 1953 when most of the
valley was declared as a ground-water basin by the State Engineer.
Both surface water and ground water are of fair to good quality.
CARLSBAD

AREA

The Carlsbad area (Bjorklund and Motts, 1959) is smaller than
the Roswell basin and differs from it also in that alluvium instead
of limestone is the principal aquifer. The principal water-bearing
limestone jjs the so-called reef aquifer in the Goat Seep and Capitan
Limestones, of Permian age but considerably younger than the San
Anclres Limestone and Artesia Group of the Roswell basin. The
limestone was formed in a large reef that existed in the Permian
sea and is massive, pure, soluble, and cavernous. The "shelf-type"
limestones and other rocks deposited away from the reef are much
less favorable as water bearers. The limestone aquifer is developed
in the northern part of Carlsbad and to the north and west, the
alluvium in the area south of Carlsbad between the Pecos River and
the Guadalupe Mountains to the west.
Wells yield as much as 2,000 gprn from both the alluvium and the
limestone. The water from the alluvium ranges in quality from
good to poor. Water of good quality is found in the alluvium in
the western part of the area south of Carlsbad. Water of poor
quality is found in the alluvium near the Pecos River south of
Carlsbad and in the rural area north of the city. The water in the
limestone also ranges in quality from good to poor. It is hard and of
fair quality in the vicinity of Carlsbad. It is good 5 to 10 miles
southwest of Carlsbad. It is poor in the lower part of the aquifer.
Irrigation from the Pecos River began in 1880, and a total of
25,000 acres was being irrigated as of 1907. Irrigation of farmland
from wells began about 1930 but was on a small scale until 1945.
By 1955 about 250 large-capacity irrigation wells were in use, 80 for
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new land and 170 to furnish supplemental water for land irrigated
from the river. During dry years such as 1953 and 1954 the pumpage
of ground water greatly exceeded the diversion of water from the
river at Lake Avalon, below Lake McMillan. In 1954 about 30,500
acres was irrigated, 24,200 largely or entirely from wells and 6,300
entirely from streams. About 20,000 acres east of the Southern
Canal received both ground water and surface water, the latter
supplied by the Carlsbad Irrigation District from the Pecos and
Black Kivers; 4,200 acres west of the canal and in the Black River
valley received all its water from wells. The surface-water supply
is variable. Accordingly, the pumpage of ground water fluctuates
from year to year.
The main part of the basin was declared by the State Engineer
in 1947 and the declared area was extended in 1952 to include the
upper valley of the Black River. (See beyond.)
Water from the limestone is used for the public supply of Carlsbad
and water from alluvium for that of Loving. About 7,000 acre-feet
per year was pumped for public supply in 1957-60.
Refining of potash salts is the chief industrial use of water, in
1957-60 accounting for about 3,000 acre-feet per year from the limestone and 5,000 acre-feet per year from the Pecos River.
Water levels in the limestone declined 7 to 9 feet in 1950-60. Water
levels in alluvium south of Carlsbad also declined, in amounts
ranging from less than a foot to 20 feet or more.
The Carlsbad Springs, which flow from the limestone aquifer,
furnish a part of the water in the river. If water levels continue to
decline, the flow of the springs will be reduced. If the water level
declines below the level of Tansill Lake, on the Pecos River at
Carlsbad, water from the river will flow into the aquifer through
the spring orifices. Water in the Pecos River becomes more highly
mineralized as it flows dpwnstream and is progressively concentrated
by reuse. At Artesia, in the Roswell basin, the dissolved-solids
content has exceeded 10,000 ppm at times and in 1942-51 fluctuated
mostly between 3,000 and 7.000 ppm (Bjorklund and Motts, 1959,
fig. 45). This saline water is stored in McMillan Reservoir and is
released from time to time. At Carlsbad the water is freshened by
the flow of Carlsbad Springs, and the dissolved-solids content is
generally 2,000 to 3,000 ppm (idem, fig. 46), rising when more
saline water is received from McMillan Reservoir and declining
only during infrequent periods when floodflows are large enough to
flush the saline water down the river. Thus, because the river is
saline most of the time, the quality of the water in the limestone
aquifer will be depreciated if the flow through the spring orifices
is reversed. And, the reduction or loss of the fresh spring water will
affect both the quantity and the quality of the water in the river.
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Leakage from Lake Avalon already affects the quality of the water
in the limestone in the vicinity of Carlsbad.
At Malaga Bend, below Carlsbad, the discharge of brine described
previously increases the mineral content of the river water to about
3,000 to 5,000 ppm most of the time (idem, fig. 47). The brinepumping project described previously will improve the situation
below Malaga Bend.
Water containing several thousand parts per million of dissolved
solids ordinarily would be considered unusable for irrigation. It is
used successfully in the Roswell and Carlsbad basins because the soil
is permeable enough in most places to drain freely when quantities
of irrigation water large enough to keep salt from accumulating in
the soil are applied. In effect, the plant roots take a drink as the
saline water passes by, but they do not stand for long periods in
water that has been made still saltier by evaporation. Obviously, in
areas that are not well drained the water table rises near the surface
and the salt content builds up rapidly through evapotranspiration.
Salvage of water now wasted by low-value phreatophytes is the
principal means by which the usable water supply could be increased.
The principal area of possible salvage that would benefit the Carlsbad area is to the north, in the delta of Lake McMillan and the
bottom lands to the north (Rowland and Conover, 1962). If a
reservoir could be constructed between Lake McMillan and Lake
Avalon the storage of usable water could be increased by capturing
floodflows, but the height to which water could be stored would be
limited by leakage unless the reservoir could be waterproofed a
difficult undertaking (Meinzer and others, 1927). The Bureau of
Reclamation is now studying the Brantley damsite, 4 miles downstream from McMillan Dam and immediately downstream from
Major Johnson Springs.
Water in the limestone east of Carlsbad, if usable, might add
slightly to the overall supply. If It proves to be unusable, and if
water cannot be salvaged by means described previously, then the
water resources of the Carlsbad area must be considered fully
developed.
UPPER BLACK RIVEE AREA

The upper Black River area lies along the Black River, a tributary that enters the Pecos at the south edge of the Carlsbad area.
It is 4 to 9 miles wide and is bounded on the northwest by the
Guadalupe Mountains and on the southeast by the Yeso Hills. The
valley is underlain by alluvium of Quaternary age which includes,
in addition to sediments of the usual types, gravel made of particles
of gypsum eroded from the bedrocks ("yeso" is Spanish for gypsum)
and a conglomerate of limestone pebbles. The conglomerate is solu-
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tion riddled and is the best aquifer in the area. Wells yield as much
as 1,300 gpm of water of good to poor quality from the alluvium.
Ground water from wells and springs is used for irrigation,
public, domestic, and stock supply. Surface water is used for irrigation. About 720 acres was irrigated from wells as of 1953. The State
Engineer declared the valley a part of the Carlsbad ground-water
basin in 1952. Water for public use at Carlsbad Caverns National
Park, north of the valley, is obtained from Kattlesnake Springs,
which discharge from conglomerate within the valley. The caverns
are in reef-type limestone of the Capitan Limestone and in contemporaneous dolomite and limestone of the "back reef," all of Permian
age.
Pumping for irrigation has caused water levels to decline, as much
as 5 feet in 1953-60. The pumping apparently has affected the flow,
of Kattlesnake Springs (Hale, 1955b, p. 33-34). In November 1960
the National Park Service sued the well owners in Federal court in
an attempt to reduce the pumping near the springs. The court
denied the petition but ordered measurements of spring flow and of
pumpage from three nearby wells to be made for a 1-year period,
ending February 1, 1962. After the results are considered the case
may be reopened.
In any event, it appears that the water resources of the area are
fully developed.
RIO GRANDE VALLEY

The Kio Grande valley as described here coincides in general with
the Kio Grande depression. The depression is a structural trough
which began to form in late Tertiary time, during the latter part of
the period of volcanism in which were formed the San Juan Mountains in Colorado and their extensions in New Mexico west of the
Kio Grande, as well as certain mountains and hills east of the river
including the Cerrillos (hills) south of Santa Fe.
At first the depression was occupied by a chain of isolated basins,
beginning on the north with the San Luis Valley in Colorado, in
which were deposited alluvium and lake sediments derived from
the adjacent mountains, as well as some volcanic rocks. Continued
structural depression led to connection of the basins, probably in
Pliocene time, by an ancestral Kio Grande. The ancient course of
the river was similar to the present course, except below a point
south of Socorro where the river leaves the principal structural
trough and flow^s west of the Fra Cristobal and Caballo Mountains.
The alluvium-filled trough in the stretch east of those mountains,
now abandoned and dry, is the Jornada del Muerto; the trough
crosses the present course of the river in the Mesilla Valley above
El Paso, Tex., and continues into Mexico (Bryan, 1938, p. 204-208).
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The Rio San Jose-Rio Puerco basin, though tributary to the Rio
Grande, is discussed as a part of the Colorado Plateaus. The Jornada
del Muerto is described briefly in the section on basins in central
and south-central New Mexico.
The geology of the Rio Grande depression in Colorado and New
Mexico is described by Bryan in the report cited above. The ground
water in the middle Rio Grande valley, defined as the section in
New Mexico above San Marcial at the head of the Elephant Butte
Reservoir, is described by Theis (1938a) in a report following that
of Bryan in the same volume. The Elephant Butte and Caballo
Reservoirs downstream occupy narrow valleys in which ground
water is of little consequence. Below the Caballo Reservoir is the
Rincon Valley and the New Mexico part of the Mesilla Valley, which
continues into Texas and Mexico; the New Mexico areas are described
by Conover (1954) and the lower Mesilla Valley by Leggat and
others (publication pending).
TIPPER BIO GRANDE BASIN IN NEW MEXICO

The upper basin of the Rio Grande is defined in this report as
that above Cochiti, southwest of Santa Fe. It includes the basins of
small, short streams draining the west flank of the Sangre de Cristo
Mountains and, west of the Rio Grande, an area of high volcanic
plateaus and mountains of which the greatest part is drained by the
Rio Chama and a smaller but substantial part by the headwaters of
the Rio Jemez to the south. A high lava plateau south of the Colorado
line between the Rio Grande and the Chama basin is traversed by
Petaca Arroyo but drains mostly underground to the Rio Grande.
A small area west of the plateau and south of the Colorado line drains
to the San Antonio River and thence into the Rio Grande in the San
Luis Valley, rather than into the Chama.
Ground water is generally scarce or deep in this prevailingly high
area. Deposits of alluvium are scattered and generally not large,
except along the Rio Grande at the north and south ends of the area.
Volcanic rocks beneath the high plateaus are productive in some
areas but the depth to water is great, as is described for one small
area by Winograd (1955).
Surface water is used for irrigation in small areas along tributaries east of the Rio Grande, in the vicinities of Taos and Questa
in Taos County. West of the river, areas along the Chama and
tributaries are similarly irrigated; the largest are along the upper
Chama west and north of Tierra Amarilla and along the lower 25
miles or so of the Chama, both in Rio Arriba County. Areas along
the Rio Grande that are irrigated with surface water include the
northern part of the Sunshine Valley (see beyond) and a strip
extending some miles above and below the mouth of the Chama.
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Ground water is used for irrigation in the Sunshine Valley but
only locally elsewhere. Ground water is developed mainly for
municipal and industrial supply.
The principal areas of water-bearing alluvium in the upper basin
as denned are along the Rio Grande in the Sunshine Valley and in
the Rio Grande depression below Santa Fe. Thin but possibly
productive alluvium underlies the valley and tributaries at least in
some of the areas (which generally represent alluvial bottom lands)
where surface water is used for irrigation, but the alluvium has been
tapped for domestic uses only.
The water in the alluvium of the upper basin is of generally
good quality. In the more productive areas, yields as high as 1,000
gpm are not uncommon but yields of 500 gpm are more typical.
Ground water in the upper basin is tributary to the Rio Grande,
and consumptive use of it will be competitive with use of surface
water, which is almost fully appropriated. The important groundw^ater areas are in the Rio Grande Underground Water Basin as
declared by the State Engineer and thus are subject to control by
the State.
New Mexico's largest supply of unappropriated water is that of
the San Juan River. It is proposed to divert a substantial supply
across the Continental Divide to the Rio Chama. The water will
add to the available supply of both surface and ground water in
the Rio Grande basin.
SUNSHINE VALLEY

The Sunshine Valley (Winograd, 1959) lies east of the Rio Grande
and both south and north of the New Mexico-Colorado State line.
The New Mexico part is about 20 miles long and 2 or 3 to 10 miles
wide. It is underlain by alluvium derived from the Sangre de
Cristo Range, which rests on basalt erupted from centers which are
mainly west of the Rio Grande but include Ute Mountain just east
of the river. Both the alluvium and the basalt are water bearing,
and yields of 600 to 3,000 gpm of water of good quality have been
obtained for irrigation. The northern quarter of the valley in New
Mexico is irrigated with surface water also, from small streams
draining the Sangre de Cristo Range.
Use of wells for irrigation began about 1947, and by 1956 about
2,200 acres was being irrigated from wells. The irrigated area has
increased little since then. Water levels declined only a few feet
from 1956 to 1959. Consumptive use of the ground water will depletethe flow of the Rio Grande. The valley is a part of the declared
Rio Grande Underground Water Basin, which extends from the
Colorado line to Truth or Consequences in Sierra County, where
the small Hot Springs area forms a separate declared basin.
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As much as -±5,000 acres more could be irrigated with ground
water in the Sunshine A'alley, if the problem of depletion of the
flow of the Rio Grande were not involved.
LOS ALAMOS AREA

The Los Alamos area (Griggs, publication pending) is about 25
miles northwest of Santa Fe and includes most of newly formed Los
Alamos County and parts of adjacent counties. It includes two
localities in which development of ground water for the AEC
installation and associated town of Los Alamos has been contemplated or undertaken. The installation and town were first supplied
with water from small streams draining the Sierra de los Valles,
a part of the Jemez Mountains, but the demand soon outran the
supply.
One of the localities is the Valle Grande-Valle Toledo area (Weir,
1958; Conover and others, publication- pending) in a huge collapsed
volcano, or caldera, in the Jemez Mountains west of Los Alamos.
The caldera, about 12 miles across, is broken into a network of
valleys by domes of volcanic rock. Valle Grande and Valle Toledo
form a semicircle within the east rim of the caldera. Water occurs
in fragmental volcanic rocks washed from the rim of the caldera
into a lake that once occupied the caldera. The deposits are productive, but export of the water would interfere with the spring-fed
East Fork of the Jemez and the San Antonio River, both tributary
to the Jemez. The spring supply, which totals about 3,800 acre-feet
per year, has been appropriated by water users along the Jemez
downstream.
A proposal by the Atomic Energy Commission to develop the
water for the town of Los Alamos, which would have required
purchase of the water rights, was abandoned in favor of a supply
obtained from wells in Los Alamos Canyon a few miles east of the
town and 1 to 2 miles west of (he Rio Grande (Theis and Conover,
1962). The wells penetrate sand and gravel in the Santa Fe Group,
the name given to the sediments and associated volcanic rocks
deposited in the Rio Grande trough in New Mexico in Miocene to
Pleistocene time. The sediments are capped by lava in the interstream areas. They are only moderately productive in this area,
the specific capacity of wells ranging from about 1 to 7 gpm per foot
of drawdown. Consumptive use of the water will eventially deplete
the flow of the Rio Grande, but not substantially for some decades.
SANTA PE AREA

Santa Fe lies at the foot of the Sangre de Cristo Range and at the
east edge of the Rio Grande depression. The plateau to the west
and south and for some miles to the north is underlain by the
sediments and associated volcanic rocks of the Santa Fe Group. The
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Rio Grande flows in a deep canyon cut into the plateau about 20
miles to the west, emerging into its wide alluvial valley at the south
edge of the plateau i Cochiti, about 5 miles south of the latitude
of Santa Fe.
Water for public and industrial use and for irrigation of small
tracts is obtained mainly from the Santa Fe River. Several industrial wells, and several public-supply wells used at times of short
supply.in the river, tap water in the Santa Fe Group. A small
amount of water is pumped for irrigation also. In the vicinity of
Santa Fe, as in the vicinity of Los Alamos to the north, the sediments
are not highly productive. Wells yield as much as 100 to 500 gpm.
The water is of good quality. Water levels declined as much as 40
feet in 1950-60, but in most of the area the decline was less than
10 feet.
Any large draft from wells would result in large declines in water
level; and, ultimately, consumptive use of the water would deplete
the flow of the Rio Grande. The area is a part of the declared Rio
Grande Underground Water Basin.
The water resources of the area are described in a rather comprehensive report by Spiegel and Baldwin (1962). Additional
quantitative data on ground water are needed to guide future
development, however.
MIDDLE RIO GRANDE VALLEY

The middle Rio Grande valley includes the valley floor of the
river and the adjacent alluvial terraces from the latitude of Cochiti
southward about 150 miles to San Marcial at the head of the
Elephant Butte Reservoir in Socorro County. It includes the lower
course of the Jemez River, the headwaters of which are in the
volcanic plateaus and mountains included in the upper Rio Grande
basin as defined previously. It coincides in general with the Middle
Rio Grande Conservancy District. A large part of the 1- to 5-milewide valley floor of the Rio Grande is irrigated with water from the
river. Stretches are irrigated also along the Jemez upstream and
downstream from San Ysidro in Sandoval County, where the river
turns southeastward after emerging from the Jemez Plateau. Water
is pumped from wells for municipal, rural stock and domestic,
industrial, and irrigation supply. Water use is most intensive in the
Albuquerque-Belen area, defined as the 80-mile stretch extending
from Angostura and Algodoiies, about 20 miles north of Albuquerque and a few miles northeast of the mouth of the Jemez, to
San Acacia 15 miles north of Socorro.
The geology of the Rio Grande depression is described by Bryan
(1938). Ground water in the middle Rio Grande valley is described
by Theis (1938a). Ground water in Albuquerque and immediate
671316 O 63
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vicinity is described by Bjorklund and Maxwell (1961). Reconnaissance reports by Bryan (1926b) and Black and Powell (1928)
describe ground wyater in Socorro and Socorro and Torrance Counties, respectively. The northern part of Socorro County, which
includes the south end of the middle Rio Grande Valley, is described
in more detail in a later report by Spiegel (1955).
The principal aquifers are in valley fill the Santa Fe Group of
Miocene to Pleistocene age, which underlies the whole area, and
alluvium of Recent age along the river itself. The total thickness of
the fill ranges from zero along the mountains to several thousand
feet; the maximum thickness has not been determined. The Santa
Fe Group yields water of generally satisfactory quality at rates of
500 to 3,000 gpm to properly constructed wells penetrating 100 to
500 feet of water-bearing material. The Recent alluvium, which
is 100 feet thick or less in most places, also is very productive but
the water is not as good, the quality reflecting the mineralizing effect
of evaporation and of transpiration by both crops and native
vegetation.
The Albuquerque-Belen area is one of numerous and interrelated
problems involving water. In general the problems relate to prevention of overdevelopment of the water resources as a whole and
to salvage of water now wasted by low-value phreatophytes. Except
as water nonbeneficially used can be salvaged or as additional water
can be obtained through the proposed San Juan-Chama diversion,
the water supply must be considered fully developed. The surface
water has long since been almost fully appropriated. The pumping
of ground water, including that for supplemental use for irrigation
when surface water is in short supply, is large and growing 63,000
acre-feet in Albuquerque and immediate vicinity in 1960 and is
competitive with surface-water use except as it salvages water now
evaporated or transpired. Water levels have not declined substantially as a result of pumping except in a trough at Albuquerque
7 miles long from north to south and 2 miles wide, where the
maximum decline from 1940 to 1960 was 15 feet. The trough may be
expected to grow and deepen as the rapid growth of Albuquerque
continues. The pumpage is expected to increase to 116,000 acre-feet
per year by 1970. Discharge into the river of the unconsumed water
will temporarily increase the streamflow, but ultimately the flow
will be reduced by the amount of the consumptive use. The quality
of the water reaching the river will deteriorate as a result of
concentration by evaporation and of discharge of sanitary and
industrial wastes.
A fundamental conflict in law has arisen. The area is a part of
the Rio Grande Underground Water Basin as declared in 1956.
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The State Engineer recognizes the interconnection of surface and
ground water and requires that new pumping of ground water
be compensated by retirement of existing surface-water rights
equivalent to the anticipated depletion of streamflow. On the other
hand, the city of Albuquerque, in order to avoid having to purchase
and retire surface-water rights as it expands its public water supply
from wells, has invoked the so-called pueblo doctrine. Under this
doctrine, cities that were granted "pueblo rights" by the Spanish
Crown would be permitted to increase indefinitely their use of water
for public supply without regard to appropriative rights acquired
in the meantime. The doctrine has been applied in California, but
until 1958 efforts to extend it to New Mexico were not successful.
In that year the State Supreme Court recognized the doctrine as
applying to the city of Las Vegas in San Miguel County. The city
of Albuquerque is now petitioning for recognition of similar rights.
Other problems that affect the Albuquerque-Belen area, and to
some extent the rest of the middle Rio Grande valley, include
(1) wasfe of water by phreatophytes, especially saltcedar which is
spreading; (2) waterlogging in certain areas; (3) sedimentation in
the channel of the Rio Grande and certain tributaries, especially the
Rio Puerco, which decreases the capacity of the channels to carry
floodflows and also causes the water table to rise and the waste
of water by evapotranspiration to increase; and (4) flooding in
built-up areas, such as the Albuquerque "Heights." in which natural
drainageways have been built or paved over so that the streets now
have to carry the water of flash floods from summer thundershowers.
Informational needs are substantial. Deep test holes are needed
to show the quantity and quality of water in the valley fill at depths
between 1,000 feet and the base of the fill at depths perhaps as great
as 6,000 feet. Additional quantitative information is needed on the
hydrologic characteristics of the fill as an aid in predicting the effects
of pumping on both ground-water levels and streamflow. Such
studies are being made in the Albuquerque area and in eastern
Valencia County, which includes the Belen area. A puzzling trough
in the water table in the lightly pumped "West Mesa" part of the
Albuquerque f^ea needs to be explained. Information is needed on
the extent of "consumptive waste" by phreatophytes and on the
possibilities for salvage.
LOWER BIO GEANDE VALLEY IN NEW MEXICO

The lower Rio Grande valley in New Mexico is the part of the
valley south of San Marcial, which lies at the head of the Elephant
Butte Reservoir. In includes the Elephant Butte Irrigation District.
As of December 1960 only the part between San Marcial arid Truth
or Consequences and the small Hot Springs basin at the latter city
had been declared by the State.
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The Elephant J3utte Reservoir, largest artificial reservoir in the
United States until Lake Mead was formed by Hoover Dam,
occupies the stretch of the valley between San Marcial and Truth
or Consequences. The reservoir floods the alluvium of the valley
floor and ground water is of little interest in this stretch, except as
it is wasted by phreatophytes in the delta at the head of the reservoir
and in the stretch upstream. Reports on downstream areas include
a report on the thermal waters of the Hot Springs by Theis and
others (1953) and reports by Murray and Theis (1947) and Murray
(1959) on the water of a nonthermal artesian basin south of Truth
or Consequences. The possibility of salvaging water now used by
phreatophytes by lowering the water table in the stretch between
Truth or Consequences and the Caballo Reservoir is being considered
by the Bureau of Reclamation and the State Engineer, and a recent
report by Cox and Reeder (1962) concludes that the proposed
lowering should have no effect on the thermal and nonthermal
artesian water of Truth or Consequences and vicinity.
Finally, a report by Conover (1954) describes ground water in
the Rincon Valley and the New Mexico part of the Mesilla Valley,
which lie between the Caballo Reservoir and El Paso, Tex. Additional information on the Mesilla Valley in Texas and the lower
part of the valley in New Mexico is found in a report by Leggat
and others (publication pending).
Ground water in the lower valley in New Mexico is used for all
ordinary purposes, but especially for irrigation. As of 1958 a total
of about 88,000 acres was irrigated, of which only 4,000 was irrigated
solely with ground water and the rest was irrigated with surface
water supplemented by ground water. The ground water is of
generally satisfactory quality and is pumped from individual wells
at rates of 200 to 2,500 gpm or more. Ground water of poor quality
is present locally.
The area is one in which the interchangeable use of surface and
ground water has been developed to a high degree. The pumping
of ground water on a large scale began in the late 1940's and was
accelerated during the droughts of the 1950's, when the water supply
from the Elephant Butte and Caballo Reservoirs became inadequate
to meet the requirements. The pumping has the effect of creating
storage space in the alluvium which is refilled during periods of
increased streamflow. As use of both surface water and ground
water is controlled and coordinated under State law, the means are
available for preventing overdevelopment. The principal threat is
that presented by phreatophytes, especially saltcedar, which tend to
spread wherever they can find a supply of water. They will need to
be controlled to prevent an increase, and if possible to effect a
reduction, in consumptive waste. Additional studies are needed to
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provide a basis for the most efficient possible management of
water use.
BASINS IN CENTRAL AND SOUTH-CENTRAL NEW MEXICO

There are several basins between the Rio Grande and the Pecos
in which the drainage is internal or from which the only outflow is
underground. The principal ones are the Estancia Valley, the
Tularosa Basin, the Jornada del Muerto, and the Crow Flats area.
There are a few smaller ones, such as that in the vicinity of Pinos
Wells in southeastern Torrance County southeast of the Estancia
Valley, but there is little development, and almost no information
on the ground water.
ESTANCIA VALLEY

The Estancia Valley is an internally drained area of almost 2,000
square miles in Torrance and southernmost Santa Fe Counties. It
receives water mainly in streams flowing from the east slope of the
Manzano and Sandia Mountains, which separate it from the Rio
Grande valley. The water, either after flowing over the surface or
after going underground, is evaporated from saline lakes or is
transpired by native vegetation and increasingly in recent years
by crops irrigated from wells. The valley is described in an old
report by Meinzer (191 la) and in a recent report covering all of
Torrance County (Smith, 1957).
Valley fill is the principal aquifer, but along the west edge of the
valley water is obtained from the Madera Limestone of Pennsylvanian age and in the northern part, from the Glorieta Sandstone
of Permian age. The Yeso Formation of Permian age also yields
water in the southern and northeastern parts of the valley. Irrigation
wells yield 200 to 2,000 gpm. About 20,000 acres was irrigated in
1959. Ranches and towns also obtain water from wells. Water levels
declined 20 feet or more in an area of about 25 square miles between
Estancia and Moriarty in 1950-60, and lesser amounts elsewhere.
The valley has been declared by the State Engineer.
The water varies greatly in quality from one aquifer or one area
to another. The water is discharged natv rally in saline lakes and
playas in the southern and southeastern parts of the valley, and the
water is saltiest there, but it is locally saline elsewhere.
Lowering of water levels no doubt has resulted in salvage of a
part of the natural discharge, but in greatest part the natural discharge is still going on and ground water is being removed from
storage. The perennial yield of usable water depends on the extent
to which natural discharge can be salvaged without causing salt
water from the discharge area to encroach on the wells, and certainly
the yield that can be taken perennially from wells is substantially
less than the recharge.
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In lightly pumped parts of the valley it may be possible to pump
some additional water without undue effect on areas now developed.
TULAROSA BASIN

The Tularosa Basin is a large alluvial basin having no surface
outlet and having a large supply of saline water but relatively little
fresh water. It occupies parts of several south-central counties and
lies between the Organ and San Andres Mountains, Sierra Oscura,
and Chupadera Mesa on the west and the Sacramento Mountains,
Sierra Blanca, and Jicarilla Mountains on the east. On the north
it is separated from the Estancia Valley by an area of plateaus
between Chupadera Mesa and the Jicarilla Mountains. On the south
it ends at a low alluvial divide a little north of the Texas line, which
separates it from the Hueco Bolson, a part of the same structural
basin but one in which the land surface slopes southward to the
Rio Grande. The drainage area of the Tularosa Basin is about 150
miles long and as much as 60 miles wide and totals about 6,000
square miles. The valley floor is as much as 35 to 40 miles wide.
The White Sands National Moumnent is in the west-central part of
the valley. The basic description of the geology and water resources
is that of Meinzer and Hare (1915).
The surface and ground-water divides do not coincide on the south.
Water flowing off the east slope of the Organ Mountains enters the
alluvium and forms a divide from which water moves northward
into the Tularosa Basin and southward, beneath the alluvial divide,
into the Hueco Bolson. North of the divide, all the runoff in the
basin is evaporated and transpired after traveling either over or
under the surface, the principal area of discharge being the alkali
flats in and north of the western part of the White Sands National
Monument.
Because the situation of internal drainage and evapotranspiration
-has existed for a long time, the ground water in the basin is largely
1 saline. -Only in scattered areas around the edges is the water both
fresh and available in substantial quantities. The principal such
areas are two. One is at the east side and includes Tularosa and
Alamogordo, extending from a few miles north of Tularosa about
50 miles southward. The other, and more productive, area is the
divide area east of the Organ Mountains in the southwestern part
of the basin. Small areas of good water occur elsewhere around the
edges of the basin, and those located to date probably are by no
means all that exist. Nevertheless, the total quantity of good water
is not large and the water must be developed cautiously to prevent
/depletion and salt-water encroachment.
So far as water of good quality is concerned, the Tularosa Basin
and vicinity is one of the poorest in New Mexico. For example,
fresh water is so scarce along the route of the Southern Pacific Eail-
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road that a surface-water supply was developed in the headwaters
of the Rio Bonito, a tributary of the Rio Hondo, in the Sierra
Blanca, piped to Carrizozo in the Tularosa Basin, and pumped along
the railroad as far as Vaughn about 100 miles to the northeast,
supplying both railroad watering points and towns along the way.
Now that the railroad has abandoned steam in favor of diesel
power, the water supply has been purchased by the city of Alamogordo and the water, along with water from a well at Carrizozo, is
piped to Alamogordo, about 50 miles to the south, to supplement
the supply of the town and the Holloman Air Force Base.
Water is used principally for domestic supply, including that
of military installations, and for irrigation. About 3,600 acres in
the vicinity of Alamogordo and Tularosa is irrigated with ground
water, much of which is slightly saline. Surface water irrigates
another 2,200 acres. Water from wells in the vicinity of Alamogordo,
from a well at Carrizozo, from springs in La Luz Canyon east of
Alamogordo, and from the Rio Bonito is used for the town of
Alamogordo and the Holloman Air Force Base. Tularosa and
Carrizozo use ground water. Well yields are as high as about 1,000
gpm. Water levels are declining in heavily pumped areas. For
example, the 1950-60 decline in the Tularosa-Alamogordo area
ranged from 3 to 24 feet.
There are many military installations in the basin, which will
be remembered as the site of the explosion of the first nuclear
device. The principal installations are the Air Force Base at
Alamogordo and the White Sands Missile Range in the western
part of the basin. The Air Force Base obtains water from the Boles
well field (Hood, 1955, 1956), which has a potential yield of about
1,000 acre-feet per year of good water, and purchases water from the
city of Alamogordo. Other installations pump their own ground
water. The headquarters area of the White Sands Missile Range is
supplied by wells in alluvium which can yield water at the present
rate for many years without inducing encroachment of salty water
from the east. Artificial recharge is a possible means of increasing
the supply still further (Herrick, 1961).
The Geological Survey made an appraisal of ground water in an
extensive area including the Tularosa Basin and adjacent areas, at
the request of the Corps of Engineers, to assist the Corps in
developing water for the many scattered military installations. The
report (Herrick and others, 1960) has been released to the open file
and is to be revised for publication. In addition to the Tularosa
Basin, it covers the Jornada del Muerto and a part of the Mesilla
Valley to the west, the Hueco Bolson to the south, and the upper
Sacramento River canyon and the Crow Flats-Dell City area to the
east and southeast.
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The principal area in which a substantial additional supply could
be obtained is that east of the Organ Mountains in the southwestern
part of the basin. Even there the supply is not extremely large. The
water that percolates southward beneath the alluvial divide moves
into Texas, where public and military wells pump water from the
bolson deposits and from alluvium in the Rio Grande valley.
Continued exploration will reveal additional small areas of potable
water around the edges of the basin. There is no way in which
a very large supply of fresh water can be developed, however. Quite
possibly artificial recharge of some of the storm flow of streams
now lost to playa lakes would increase the supply, and such possibilities should be investigated (Herrick, 1961). Nevertheless, conservative use of the available fresh water will always be necessary.
The basin would be an ideal site for saline-conversion plants if the
cost could be brought low enough.
JOKNADA DEL MUEKTO

The Jornada del Muerto is a large alluvial basin between the
Tularosa Basin and the Rio Grande. It occupies a structural
depression between the mountains bounding the Tularosa Basin on
the west (Organ and San Andres Mountains and Sierra Oscura)
and those which lie east of the present course of the Rio Grande
(Caballo and Fra Cristobal Mountains). The structural basin ^continues southward across the Rio Grande into Mexico, and the south
end of the Jornada forms a plateau, or "mesa," overlooking the
Mesilla Valley along the river. As stated previously, the basin may
represent a former course of the Rio Grande into Mexico (Bryan,
1938, p. 204-208).
The Jornada is virtually an area of internal surface drainage, as
it discharges little surface water into the Rio Grande. From its
southern part it does discharge some ground water into the valley.
As in the Tularosa Basin, the supply of potable water is scanty and
areas of potable water are scattered. The grim name given to the
basin by the early Spaniards who traversed it "Journey of Death"
illustrates vividly the basin's aridity and inhospitability.
The small ground-water supplies of the Jornada are described in
the report of the reconnaissance made for the Corps of Engineers
(Herrick and others, 1960). Additional exploration might reveal
a few more areas of potable water, but the supply will never be
large. The basin has abundant saline water that could be converted
if economical processes could be developed.
CROW FLATS AREA

The Crow Flats, X. Mex.-Dell City, Tex., area is the middle part
of a long southeastward-trending basin of internal drainage in New
Mexico and Texas. The basin in New Mexico is separated from the
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Tularosa Basin on the west by a spur of the Sacramento Mountains
and by the Jarilla and Hueco Mountains. On the east the Sacramento
and Guadalupe Mountains separate it from the Pecos River basin.
The New Mexico area drains southward in the Sacramento River,
which heads in the southern Sacramento Mountains, and in Pinon
Creek, which drains the west slope of the Guadalupe Mountains.
The surface and ground water discharges to salt flats and lakes
on both sides of the New Mexico-Texas line. The area in New
Mexico is described by Bjorklund (1957c).
Irrigation developed first in the Dell City area of Texas and then
extended northward into New Mexico. Water is obtained from
alluvium and from the cavernous Bone Spring Limestone of Permian
age. Water in the limestone in the developed areas is fresh, whereas
that in the alluvium is saline in the middle part of the basin though
it is fresh in outlying areas. In 1956 wells in the limestone yielded
350 to 3,620 gpm and those in the alluvium yielded 350 to 840 gpm.
The irrigated area in NewT Mexico was about 3,000 acres, supplied
from 17 wells: the area in Texas was about 29,000 acres.
The water level in an observation well penetrating the limestone
just south of the State line in Texas declined 13 feet from January
1950 to January 1957. That in a nearby well in New Mexico declined
5 feet from January 1957 to January 1960. Water levels in the
alluvium declined as much as 9 feet from 1956 to 1960.
If the declines continue there will be danger of encroachment of
saline water from the alkali flats toward the pumped wells. Periodic
sampling of water from wells is needed to detect such encroachment.
The area is dry and recharge cannot be large, so that water is
probably being mined. The area in New Mexico has not been
declared by the State Engineer, presumably because the declines are
not yet serious but possibly also because control of the pumping in
New Mexico would be meaningless unless there was control in Texas
also. Under Texas law the ground water probably would be considered "percolating" rather than "watercourse" water and hence would
be subject to landownership rights rather than appropriative rights.
Under the Texas ground-water law a district could be formed and
could adopt regulations to conserve the water, but until such regulations were adopted there could be no effective control.
BASINS IN SOUTHWESTERN NEW MEXICO

Southwestern New Mexico is the part of the State most typical
of the Basin and Range province, which extends as far north as
Santa Fe and as far east as the east edge of the mountains forming
the western boundary of the Pecos River basin. The province is
defined so as to include the San Augustin Plains, a large basin of
internal drainage in west-central New Mexico, but that basin is
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separated from the more typical southwestern basins by a large
area of volcanic mountains and plateaus associated with the Mogollon
Rim. Surficially the southwestern area is one of extensive alluvial
deposits interrupted by scattered ranges of mountains and hills,
rather than scattered basins completely surrounded by mountains.
Actually, the alluvium occupies separate basins but the divides
between basins are mantled by thin alluvium. The principal basins
are the Mimbres Valley, the Animas Valley with the small San
Luis Valley at its upper (south) end, the Playas, Hachita, and
Lordsburg Valleys, and the San Simon and Virden Valleys both
of which extend into Arizona. The Mimbres, Hachita, Playas, and
San Luis Valleys extend into Mexico. The Mimbres and Hachita
slope southward into Mexico and the Animas and Playas slope northward from Mexico. The Virden Valley is discussed as a part of
the Gila-San Francisco River basins.
MIMBEES VALLEY

The Mimbres Valley is the easternmost major basin and has the
longest history of development. It was among the first in the State
to be declared as an underground water basin by the State Engineer.
It lies in Luna County and is described in a, general way in an early
report on that county by Dart on (1916). The first quantitative
ground-water report was that of White (1931). The most substantial
of annual progress reports published in the biennial reports of the
State engineer for the period through 1942 are those of White (1934),
Theis (1938b), and Conover and Akin (1953a). The results of a test
well drilled by the State Engineer to determine whether water
could be obtained at depths greater than those reached by existing
wells are described by Murray (1953). Akin (1953) gives the results
of pumping tests made on wells at the Deming air base.
Ground water occurs in valley fill and has been pumped since
1908 for irrigation. The water is suitable for most uses though
some of it has a high fluoride content. Large-capacity wells yield
an average of TOO gpm. In 1959 an estimated 92,000 acre-feet of
water was pumped to irrigate about 36,000 acres. Water levels have
been declining since development started. In 1950-60 they declined
30 feet or more in an area of 6 square miles and lesser amounts
outside that area.
A part of the water returns to the aquifer but most of it is
consumed. The recharge, which comes mainly from the southwardflowing Mimbres River, wTas estimated by White (1931) to have
averaged 10,000 to 11,000 acre-feet per year during 1908-28. Under
natural conditions the water was discharged in part by evapotranspiration within New Mexico and in part by underflow into Mexico.
The natural discharge by both means has been reduced to an
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unknown extent by the pumping from wells, but in part it still goes
on. Thus most of the water from wells that is consumed in the
valley is being taken from storage. After the water level has been
lowered below the economic pumping limit for irrigation, an adequate
supply of ground water will remain for domestic, stock, municipal,
and other uses in which cost of pumping is a secondary consideration.
The valley has been studied more intensively than any other in
southwestern New Mexico, but much still remains to be learned
about the quantity and quality of water in the lower part of the
valley fill and in the fill in areas at the fringes of the presently
pumped areas. It is not likely that future studies will reveal
sources of water whose replenishment is independent of "that of the
aquifers now tapped, but they may lead to development of outlying
areas or to pumping from greater depths that, in effect, will add to
the usable supply of stored water. There is more than enough
arable land for all the water that could conceivably be pumped, and
municipal and industrial demands eventually may increase enough
to add to the problem. An areal study is now underway in southern
Luna County and will add to the information available for guidance
of future development in the Mimbres Valley.
ANIMAS AND SAN LtTIS VALLEYS

The Animas and San Luis Valleys are in Hidalgo County in
southwesternmost New Mexico. They are described in an old report
by Schwennesen (1918), along with the Hachita and Lordsburg
Valleys, and in a recent report by Reeder (1957).
The Animas Valley accupies a northward-trending alluvium-filled
structural trough which extends into Mexico on the south and to
and along the Gila River on the north, where it contains the interstate Duncan-Virden Valley. The Animas Valley is separated from
the Gila valley by a topographic divide in the alluvium near
Summit. Similarly, the San Luis Valley on the south is separated
from the Animas Valley by an alluvial divide, but the water table
slopes northward beneath the divide from the San Luis to the
Animas Valley. Some water moves into the upper part of the
lower Animas Valley from the Playas Valley on the east, in the
gap between the intervening Animas and Pyramid Ranges. Surface
water is discharged in South and North Alkali Flats near the north
end of the Animas Valley.
The Animas Valley is separated from the San Simon Valley on
the west by the Peloncillo Range. There are two narrow alluviumfilled gaps in the mountains between the valleys, but little water and
perhaps none at all moves through the gaps.
Ground water has been pumped from valley fill for irrigation
since 1948. The lower part of the valley was declared by the State
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Engineer in 1948 and the upper part in 1956. In 1959 about 20,900
acre-feet of water was pumped from wells yielding an average of
560 gpm and was used to irrigate 12,800 acres of land. In 1950-60
water levels declined 30 feet or more beneath about 7 or 8 square
miles in the most heavily pumped area, in the lower valley, and
lesser amounts elsewhere. Most of the water is being pumped from
storage, and water levels are expected to continue to decline. The
northward gradient of the water table in the fill has not yet been
reversed, and water continues to move northward out of the valley.
The ground water is of suitable quality for most uses, although
locally it is too high in fluoride to be satisfactory for domestic use,
or too high in sodium to be satisfactory for irrigation.
Public-supply demands at the principal towns of Animas and
Cotton City are small, and no substantial demand for water for
industrial use has appeared.
The available information is adequate for evaluating the effects
of the current pumping. As pumping continues, there will be need
for information on the quantity and quality of the water available
from the deeper parts of the valley fill.
PLAYAS VALLEY

The Playas Valley is separated by the Animas Range from the
upper Animas Valley on the west. The Big and Little Hatchet
Ranges and the Coyote Hills separate the Playas Valley from the
Hachita Valley on the east. The valley is described by Schwennesen
(1918) and in a recent reconnaissance report by Doty (1960).
The valley occupies a northward-trending structural trough
similar to that occupied by the Animas Valley. The ground water
moves generally northward. The .data are incomplete, but they
suggest that some of the water moves eastward into the Hachita
Valley through Hatchet Gap between the Big and Little Hatchet
Ranges. The rest moves northward, beneath an alluvial divide which
divides the valley into upper and lower parts, the upper part being
tributary to the Hachita Valley to the east. Some of the water
moving northward is evaporated and transpired in Playas dry lake
in the lower Playas Valley, and the rest continues to move northward, presumably splitting around the south end of the Pyramid
Range and moving northwestward into the lower Animas Valley and
northward into the Lordsburg Valley.
As in the Animas Valley, ground water from valley fill has been
pumped since 1948 for irrigation. The valley was declared by the
State in 1956. In 1959 an estimated 2,400 acre-feet was pumped from
wells yielding an average of about 800 gpm to irrigate about 1,500
acres. Water levels declined 5 feet or less in most of the valley in
1950-60. Protests against additional wells halted development
temporarily after the basin was declared in 1956, but the protests

NEW MEXICO

593

were withdrawn and development is again increasing. Most of the
water is pumped from storage, and water levels are expected to
continue to decline.
The available information is not as complete as it is for the
Animas Valley, and additional studies are needed to enable estimating the amount of recharge and predicting the effects of pumping.
The water is generally suitable in quality for most uses, but as in
the Animas Valley it is locally high in fluoride or in percent sodium.
HACHITA VALLEY

The Hachita Valley lies east of the Playas Valley, across the Big
and Little Hatchet Ranges and the Coyote Hills. It is bounded on
the east by the Apache Hills and other scattered low mountains. It
is similar to the other alluvial valleys in southwestern New Mexico
but has not been developed extensively and has not been studied in
detail. The principal information on the area is that contained in
reports by Schwennesen (1918) and Trauger and Herrick (1962).
The valley drains southeastward into Mexico from a low alluvial
divide, here the Continental Divide, which extends eastward from
the southeast end of the Coyote Hills and separates the Hachita
from the Lordsburg Valley. The water table too slopes southward
and then southeastward from an approximately coincident groundwater divide to an area of discharge in Mexico.
LORUSBURG VALLEY

The Lordsburg Valley is a large northwestward-trending valley
cutting across the north ends of the Hachita and Playas Valleys
and the north end of the Pyramid Range to join the lower Animas
Valley east of the town of Summit. It is a lightly developed area
and the principal information on most of it is that in Schwennesen's
report (1918).
East of the mountainous divide at the east side of the Hachita
Valley, which extends northward across the Lordsburg Valley as
a low alluvial divide, the surface drainage is eastward into the
Mimbres Valley. The alluvial divide where it crosses the Lordsburg
Valley is the Continental Divide; from it very little surface water
flows in either direction. Ground water is believed to move westward beneath the alluvial divide from a ground-water divide somewhere to the east. Some of the water, joined by underflow from
the Playas Valley, evaporates or is transpired in small playas southeast of Lordsburg.
Irrigation began on a ranch east of Lordsburg in 1955. In 1959 an
estimated 1,780 acre-feet of water was pumped from valley fill to
irrigate about 1,090 acres. Water levels in observation wells declined
less than 2 feet in 1956-60. Even so, the water pumped is believed
to be coming from storage. The part of the valley west of the line
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between Townships 15 and 16 West has been declared by the State
Engineer. Irrigation is expected to increase, and municipal and
industrial demands at Lordsburg also are expected to be substantial.
Additional information is needed to guide future development both
within and east of the declared area.
SAN SIMON VALLEY

The San Simon Valley in New Mexico is the upper end of the
valley of the same name in Arizona, which extends northwestward
in a structural trough whose northwestern part is occupied by the
Safford Valley along the Gila Eiver (p. 142-143,146-147). The principal published description is that by Schwennesen (1919).
Irrigation in the New Mexico part of the valley began in the
vicinity of the town of Kodeo in 1949. In 1959 an estimated 3,280
acre-feet was pumped from valley flll to irrigate about 2,900
acres. Development in the Arizona part started some years before
that in New Mexico and the pumpage was about 5,800 acre-feet in
1946 and substantially more by 1950. As of 1960 it was about 50,000
acre-feet per year.
Water levels in the New Mexico area have declined mainly as a
result of the pumping within the State. The decline was about 6
feet from 1958 to 1960. The water is believed to be coming mostly
from storage, as in the Arizona area. The area in New Mexico has
been declared by the State Engineer. Except for a small demand
for public and rural supply the future use of water is expected to
be principally that for irrigation.
SAN AUGUSTIN PLAINS

The San Augustin Plains, or Llano de San Agustin as the Spanish
named the area, is the floor of a large basin of internal drainage in
Catron and Socorro Counties. The basin presumably had a structural origin like that of the basins described above, but it is separated
from them by the southern part of the volcanic mountains and
plateaus associated with the Mogollon Rim. The basin is almost
uninhabited and has not been developed for irrigation. Though
the ground water in the middle part of the basin certainly is saline,
there may be fresh water around the edges locally perhaps enough
for small-scale irrigation or other uses requiring substantial quantities of water. Additional information is needed, but at present the
problems in currently developed areas elsewhere in New Mexico
require the attention of the available staff. The basin is proposed
for future study as a part of the cooperative program.
OTHER BASINS IN SOUTHWESTERN NEW MEXICO

There are alluvial basins and plains in southwestern New Mexico
in addition to those described previously, mainly in the area between
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the Hachita and Lordsburg Valleys on the west and the developed
areas of the Mimbres Valley on the east. Most of these areas have
some ground water, and there are scattered domestic and stock wells,
but the areas have not been developed for irrigation or other largescale uses and little is known of their water possibilities. In general,
the largest ground-water supplies in southwestern New Mexico are
to be expected in the valleys bounded most continuously by the
highest (and wettest) mountains, and these are the valleys already
named and described. The remaining areas are mostly a sea of
alluvium dotted by low hills and mountains on which the precipitation is little if any higher than on the plains meaning probably
less than 10 inches per year and perhaps not much more than 5.
Ground-water replenishment in such areas is very small, and much
of the water probably is at least moderately mineralized. Nevertheless, very large quantities of usable water are in storage.
GILA AND SAN FRANCISCO RIVER BASINS

The Gila River and its tributary the San Francisco, which leaves
New Mexico about 40 miles north of the Gila and enters the Gila in
Arizona, drain the western part of the area of volcanic mountains
and plateaus associated with the Mogollon Rim, west and south of
the San Augustin Plains and west of the Mimbres River and Rio
Grande basins. The Virden Valley is simply the downstream end of
the Gila River valley in New Mexico, at the upper end of the Duncan
Basin of Arizona (p. 148). Water is present in the rivers, in
younger alluvium of Quaternary age along the main stems of the
Gila and San Francisco and along the larger tributaries, and in
interbedded volcanic rocks and older alluvium of Tertiary and
Quaternary age. The older alluvium goes under the general name
Gila Conglomerate. In the uplands outside the valleys the depth
to water in the volcanic rocks and Gila Conglomerate depends upon
the height of the land surface above the main streams and is more
than 1,000 feet in the higher areas; the expectable yield is small.
Little information on the uplands is available, but a report by
Trauger (1960) on proposed well sites in the Gila National Forest
gives some inkling of what to expect generally small, but useful,
supplies of water.
Ground water is extensively developed for irrigation along the
Gila, especially in the Virden Valley and in the vicinities of the
towns of Red Rock, Cliff, and Gila upstream from Virden. There
has been little development so far along the San Francisco River.
The water is obtained mainly from alluvium and locally from volcanic rocks. Well yields are as high as 2,500 gpm. As in the Duncan
Basin in Arizona downstream, water levels have declined little because most of the water is pumped from shallow depths and the
water is quickly replenished during periods of high flow in the river.
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There is additional irrigable land along the rivers, and there are
two suitable sites for dams if water can be made available, at Red
Rock on the Gila and Hooker on the San Francisco.
There is some waste of water by low-value phreatophytes, and
studies are needed to determine the feasibility of salvaging a part
of the water. Also, studies are needed to determine whether there is
water in deep aquifers that do not discharge into the Gila or San
Francisco and thus could be tapped for use in New Mexico.
COLORADO PLATEAUS

The Colorado Plateaus area as used in this report is roughly the
northwest quarter of the State, north of the Gila and San Francisco
basins and the San Augustin Plains and west of the Rio Grande
valley. Most of the area drains to the Colorado River in the Gila
River and tributaries, in the Puerco River (of the west) and other
tributaries of the Little Colorado, and in the San Juan River. A
substantial area in the eastern part drains to the Rio Grande in the
Rio Puerco (of the east) and its tributary the San Jose River and
in the Rio Salado, whose basin is between that of the Rio Puerco
and the basin draining to the San Augustin Plains. The only extensive areas covered by published reports are the Navajo country
(Gregory, 1916; Harshbarger and others, 1953), which in New
Mexico covers the area generally north of the Puerco River (of the
west) and San Jose River, south of the San Juan River, and west
of the longitude of Farmiiigton; and the Rio San Jose-Rio Puerco
basins in western Sandoval County (Renick, 1926a, 1931).
The area is underlain by sedimentary rocks of Paleozoic, Mesozoic,
and Cenozoic age. In the southern part the sedimentary strata are
mantled by volcanic rocks of Tertiary and Quaternary age in areas
both large and small. The southern part corresponds to the eastern
part of the Mogollon Rim in Arizona, and the sedimentary strata
are uplifted, faulted, and folded and covered in part by volcanic
rocks. The structure in the southern part is dominated by the Zuni
uplift, a northwestward-trending dome in Valencia and McKinley
Counties from which the strata dip in all directions. In the central
and northern parts of the area the strata dip generally northward
and westward into the San Juan structural basin in northwestern
New Mexico. The consolidated rocks along the streams are overlain
by Quaternary alluvium which in most of the area is neither thick
nor extensive.
The rocks are mostly of low permeability, the climate is arid to
semiarid, and the surface consists of dissected plateaus and mountains from which water runs off readily. Hence, the conditions of
recharge in general are not good and the rocks are not especially
receptive. The geologic, physiographic, and climatic features add
up to a generally unfavorable ground-water situation. Water is
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widely available in small quantities, but commonly at considerable
depth or of poor quality, or both. As in the Arizona part of the
Plateaus, detailed studies are needed to pinpoint successful well locations, and except in the Navajo Reservation such studies have been
made only locally. Detailed local studies have a way of showing
up substantial supplies that might not be expected from the general
picture, and that might be missed by random, uninformed drilling.
LITTLE COLORADO RIVER BASIN AND ADJACENT PLATEAUS ON THE NORTH

The Little Colorado River basin and the plateaus to the north are
the western and perhaps the most typical part of the Colorado
Plateaus in New Mexico. In addition to the reports by Gregory
(1916) and Harshbarger and others (1953), there are reports on a
few local areas, including the Gallup, Fort Wingate, Chuska Mountains, and Red Lake areas (West, 1958, 1961; Callahan and Cushman, 1955; Harshbarger and Repenning, 1954; Akers and others,
1962).
The strata are generally flat lying or gently dipping. Water is
obtained mainly from fine-grained sandstone, alluvium, and basalt.
Except in short spring-fed stretches the streams are not perennial.
The ground water varies widely in quality, but in most of the area
water that is acceptable for domestic and stock use can be obtained.
Yields range from 1 to 250 gpm; most are less than 50 gpm and a
typical well might yield 5 or 10. The water is used mostly for domestic and stock supply; there is a little irrigation and industrial use.
The area of heaviest pumping is Gallup and vicinity in McKinley
County, where industrial growth associated with coal and uranium
mining and establishment of government offices have placed heavy
demands on generally meager water supplies. Water levels have
declined substantially and will continue to decline so long as ground
water is the sole source of supply. The city of Gallup has applied
for allocation of 15,000 acre-feet of water per year from the San
Juan River. It will not be easy or inexpensive to bring the water
to Gallup, which is more than 80 miles from the river. The distance may be shortened, however, by obtaining the water from the
nearest point at which it would be accessible from canals diverting
water from the river for irrigation under the Navajo project.
Surface water is used for irrigation on the Zuni Indian Reservation, and ground water is needed for supplemental supply. On the
Zuni Reservation and elsewhere there are local areas where rather
large supplies may be available, but the studies needed for confirmation or rejection of this possibility have not been made.
Disposal of domestic and industrial wastes in the Gallup area is
becoming a problem, especially because the supply of surface water
is inadequate to provide proper dilution of the wastes. Regulation
671316 O 63
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of waste disposal to minimize the undesirable effects may be
necessary.
The demand for water throughout the area may be expected to
continue to increase, especially in Gallup and vicinity and on the
Zuni Reservation.
SAN JUAN BASIN

Northwestern New Mexico lies in the San Juan River basin and
San Juan structural basin, which coincide in part though not
throughout. The area is one of generally meager ground-water
supplies, but the San Juan River basin is that having the largest
remaining water supply available to New Mexico the unused part
of the approximately 838,000 acre-feet per year by which New
Mexico may deplete the supply of the upper Colorado River under
the Colorado River compacts (State Officials, 1960, p. 229-230, 24-4).
The present depletion is about 92,000 acre-feet per year. Present
commitments for present and authorized projects add up to about
275,000 acre-feet per year, including the present depletion (92,000
acre-feet) ; 73,000 acre-feet for New Mexico's share of evaporation
losses from main-stem reservoirs on the Colorado; and the rest for
the 3,900-acre Hammond irrigation project, extension of Indian
projects, a proposed power project, and evaporation from the Navajo
Reservoir, the dam for which was completed in 1962. According to
current proposals, the remaining 563,000 acre-feet would be accounted
for by the 110,000-acre Navajo irrigation project, approved in 1962
(252,000 acre-feet); the intial stage of the San Juan-Chama diversion, also approved in 1962 (110,000 acre-feet) ; future municipal
and industrial diversions for uses both within and outside the San
Juan basin (113,000 acre-feet), including the proposed diversion
to Gallup; and the rest for New Mexico lands in the proposed
Animas-La Plata irrigation project, estimated additional reservoir
losses under conditions of maximum development, and uses not yet
planned.
The present depletion in New Mexico is accounted for mostly by
evapotranspiration from crops and low-value phreatophytes along
the San Juan and tributaries; there is probably little underflow out
of New Mexico in the basin.
The demand for water for all purposes increased sharply in
1950-60 as a result of population growth and development of the
oil and gas industry. The demand will continue to grow. Problems
include principally waterlogging along the San Juan, Animas, and
La Plata Rivers, with the associated waste of water and depreciation
of water quality, and disposal of both industrial and domestic wastes.
Waterlogging will become an even more serious problem as irrigation is extended beyond the alluvial bottoms of the main streams
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onto terraces and uplands which are underlain mostly by shale and
other fine-grained rocks. Disposal of uranium-mill wastes is already
a problem locally. Disposal of wastes from oil and gas fields is
not yet a serious problem but could become one.
Detailed studies are needed to provide a basis for the intensive
water management that will be necessary if the fullest advantage is
to be taken of the water resources without creation of serious
problems. The ground water of the Navajo Keservation is fairly
well known as a result of the studies made for the Office of Indian
Affairs and the Navajo Tribe. The studies show that ground water
is generally available in only small quantities except in the western
part of the reservation in New Mexico, where larger supplies are
available locally. Similar studies should be made in the rest of the
area. One such study has covered the Farmington area in a
preliminary way (Rapp, 1959). Studies are needed to evaluate the
prospects of salvaging water now wasted by low-value phreatophytes
and to outline methods of preventing contamination of both surface
and ground water. One possible method of disposing of some liquid
wastes is to inject them into deep wells.
BIO SAN JOSE-BIO PUEBCO BASIN

The Rio Puerco (of the east) and its tributary the Rio San Jose
drain the southeastern and eastern parts of the Colorado Plateaus
in New Mexico. The San Jose drains the northeast flank of the
Zuni uplift and flows southeastward to the Puerco, which flows
generally southward in the eastern part of the Plateaus and enters
the Rio Grande between Belen and Socorro. The San Jose basin
includes the most productive and heavily developed area in the
Plateaus in New Mexico the Grants-Bluewater area on the northeast flank of the Zuni uplift. That area is described in a recent
report by Gordon (1961). Much of the area of the Puerco and San
Jose basins is described in older reconnaissance reports by Renick
(1926a, 1931). The San Jose basin and adjacent areas contain a
large proportion of the Nation's reserves of uranium.
The most productive aquifer located so far in the basins is the
San Andres Limestone of Permian age. Other principal aquifers
include alluvium and basalt: small supplies are obtained from finegrained sandstone. In the best areas, principally in the San Jose
. basin,, large quantities of water of acceptable quality for irrigation,
industrial, and municipal use are available. Yields of wells range
from 10 to 2,800 gpm.
Intensive use of ground water for irrigation in the GrantsBluewater area began in 1945 and reached a peak of 12,600 acre-feet
in 1954. The Bluewater ground-water basin wap declared by the
State Engineer in 1956. Beginning in 1951, industrial use of water
began to increase rapidly as uranium was mined and milled. Use
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of water for industrial and municipal supply increased from about
250 acre-feet in 1951 to 6,000 acre-feet or more in 1960. There has
been a corresponding reduction in irrigation pumping, and the
total withdrawal has not been far from 13,000 acre-feet per year since
1950. Water levels declined about 20 to 45 feet in 1950-60, and the
development apparently is at a maximum. Disposal of sanitary
and industrial wastes is a problem because of inadequate streamflow,
and regulation of the disposal may be necessary.
Development of ground water for irrigation on the Acoma and
Lagima Indian Reservations (Dinwiddie and Motts, publication
pending) has begun, to supplement the existing small supplies of
surface water. The need for water for domestic use, which is
expected to increase from 10 to 60 gpd per capita, may preclude
any large development for irrigation. The small-scale pumping to
date has not lowered water levels substantially. The pumped areas
are not within the declared ground-water basin.
Additional water may be available in the San Andres Limestone
north, east, and south of the present areas of pumping. The water
is more mineralized than that in the currently pumped areas but some
of it may be suitable for irrigation.
Studies are needed to determine the relation of ground water and
surface water in the San Jose basin, mainly to show whether supplies
of ground water are available that do not drain to the river and form
a part of the river's supply.
PROBLEMS, PROSPECTS, AND NEEDS

As stated in New Mexico's report to the Senate Select Committee
on National Water Resources (State Officials, 1960, p. 228),
New Mexico's water-resources problem is to achieve the fullest possible development, conservation, and control of the water resources within the limits of the
interstate agreements and within the limits of economic feasibility in order to
meet the needs of an expanding economy and population.

The water available to New Mexico is limited by natural conditions
and by interstate compacts which control the water of all of the
State's principal streams. Only in the San Juan River is a large
additional supply available. The principal means of increasing the
usable water supplies of other major river basins will involve
one or more of the following: diversion of a part of the San Juan
supply, salvage of water now wasted by nonbeneficial evapotranspiration, and' conversion from irrigation to economically more
productive uses. Small increases in diversions in other basins are
proposed, which would result in the following additional depletions
of the supply as measured at the State line: about 54,000 acre-feet
per year in the basins of the Gila, San Francisco, Puerco, and other
tributaries of the lower Colorado (idem, p. 244); and ultimately
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about 65,000 acre-feet in the part of the Canadian Eiver basin below
Conchas Dam, the water from which part of the basin New Mexico
is entitled to use under the Canadian Eiver Compact (idem, p. 233).
The greatest ~ amount of potential additional water, if not the
easiest to get, is that which could be salvaged from evapotranspiration losses. As of 1950 (idem, p. 242), the estimated total depletion
within the State from the supplies of the principal streams was
2,108,300 acre-feet, of which 922,200 was transpired by crops, 20,300
was consumed as a result of municipal and industrial use, and a
staggering 1,165,800 was discharged by nonbeneficial means 331,900
by evaporation from reservoirs and 833,900 by nonbeneficial uses of
which the largest was evapotranspiration from areas of low-value
phreatophytes.
Evaporation from reservoirs is inevitable, but it is a totally unproductive "use" of water which not only depletes the supply but
increases the mineralization of the water. After a certain point,
adding more surface storage adds little or nothing to the available
supply of water (Langbein, 1959). Practical means of reducing
evaporation from large open bodies of water would be a great boon,
and research on the subject is being carried on throughout the
Southwest.
Evapotranspiration from areas of low-value phreatophytes can
be salvaged, but at a cost in money that may make salvage impractical in some areas, at least under current economic conditions. Some
salvage operations are already underway, such as along the Rio
Grande both above and below Elephant Butte where water-salvage
and phreatophyte-control work has been carried on since 1953 in a
cooperative program of the Bureau of Reclamation and the State.
The program involves control of low-value phreatophytes, construction or rehabilitation of drains, and channelization, with the object
of increasing flows in the river.
After the more readily available new water from the San Juan
and other streams has been committed, salvage of evapotranspiration
and conversion of irrigation to other uses will remain the two principal methods of increasing the water supply available to meet
growing municipal and industrial demands, and economic realities
will demand many hard decisions.
Salvage of evapotranspiration may involve draining waterlogged
areas that now serve needs for wildlife propagation. A certain
amount of continued discharge by evapotranspiration from areas
serving such purposes will be necessary, and with proper planning
the net loss to potential water supply can be minimized by selecting
areas where conditions for wildlife are good and where both hydrologic and economic conditions make salvage of water for other uses
least promising.
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Conversion x>f a part of the use of water for irrigation to other
uses is inevitable. The process has already affected some areas in
New Mexico as it has elsewhere for example, the Albuquerque
area, where some lands formerly irrigated are now covered by houses.
The State (State Officials, 1960, p. 235) points out that more than
nine-tenths of the water diverted in New Mexico is used for irrigation and that municipal and industrial uses could be doubled without
an increase in total diversions if irrigation use were reduced by less
than a tenth. That municipal and industrial demands are going to
double within a few decades is apparent from population and employment data cited in the State's report to the Senate Select Committee (idem, p. 246-247). The population increased by nearly
two-fifths from 1950 to 1960, reaching 951,023 in the latter year, and
is expected to reach 2 million before 1980. Agricultural employment
declined by about 22 percent from 194Y to 1958, while nonagricultural employment (including government and military) was rising
by 89 percent.
Conversion from irrigation to other uses will develop gradually.
In areas of perennial water supplies the substituted uses can go on
indefinitely. The situation is different in areas of ground-water
mining. There, the abandonment of irrigation may result either from
increasing costs of pumping (or worsening quality of water) or by
transfer of water rights to other uses. The other uses, if on a scale
equivalent to that for irrigation, also would have a limited life.
Thus, in the long run, use of water in such areas for either irrigation
or other purposes will have to be reduced gradually toward the
perennial yield, which may be very small as compared to current use.
The prospects for conserving water by artificial recharge are not
as good as they are in some other States because many aquifiers that
have the capacity to accept large quantities of water by artificial
recharge are in areas where surface water with which to do the recharging is scarce or unavailable. The prospects are best in such
areas as the Rio Grande and Gila River valleys where ground water
is freely replenished from streamflow during periods of high runoff
and can be withdrawn from storage during dry years. This process
already is operative to a substantial extent in the Rincon and Mesilla
Valleys on the Rio Grande, where it is more or less unplanned but
is effective nonetheless. So far the process has been more in the withdrawal than in the replenishment phase of a cycle.
For integrated water management of the type described, New
Mexico has good basic machinery in the State's water laws as administered by the State Engineer. There are a couple of legal questions,
however. One is the question of "pueblo rights" as discussed in the
section on the middle Rio Grande valley. Application of the pueblo
doctrine by such cities as Albuquerque would tend to make uncertain
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the security of water rights acquired by appropriation. Similar
insecurity is a possibility until and unless the question as to FederalState rights involving water originating on Federal lands is settled,
although so far New Mexico has not been directly affected.
Weather modification, conversion of saline water, and vegetation
management to increase runoff are additional possibilities for
increasing water supply, along with the suppression of reservoir
evaporation mentioned earlier. These possibilities, so far as large
supplies of water are concerned, lie in the future rather than in the
present, but research on them should be carried forward aggressively.
New Mexico will have its hands full in solving its water problems
and making secure the water supplies on which its future depends.
It has made remarkable strides in investigating and managing its
water, however, and if it can continue to improve on its past record
it will be able to look to the future with confidence.
fTEW YORK
Large water resources; intensive development and usual problems in heavily
populated districts. Precipitation from about. 30 inches along most of northwest
and north edges to as much as 50 inches in Catskills and Adirondacks; averages
39 or 40 inches. Runoff from 15 inches or less in west center and extreme
northeast to as much as 30 inches in Catskills and 40 inches in Adirondacks;
averages about 22 inches for a total of 52 bgd/ fourth highest for a conterminous
State. State receives some water from Pennsylvania in Genesee River; receives
some also in Allegheny and Susquehanna Rivers but adds to supply and discharges water back into Pennsylvania. Flow of water in Great Lakes increases
from about 130 bgd in Niagara River to about 155 bgd in St. Lawrence, but
large-scale diversion for consumptive use in New York not feasible.
Ground water in upstate New York in bedrock and glacial drift. Bedrock
yields generally small supplies; water salty in some areas. Glacial outwash
along principal valleys not uncommonly yields several hundred gallons per
minute to wells and locally a few thousand; large supplies depend on induced
infiltration from streams. Most productive large area in State is Long Island,
where sandy stratified glacial drift and underlying unconsolidated sand and
gravel of Cretaceous age are recharged at total rate exceeding 1 bgd and
yield 1,000 gpm or more to several score wells and hundreds of gallons per
minute to several thousand wells; ground water supplies all needs on Long
Island outside New York City boroughs.
Withdrawal use of fresh water in 1960 totaled about 7,800 mgd, 630 mgd
ground water and 7,200 mgd surface water, about one-quarter for public
supply and nearly three-quarters for industry. About 5,700 mgd saline water
used, of which only 15 mgd was ground water. Ground-water use included
330 mgd for public and 140 mgd for rural supply. 150 mgd fresh and 15 mgd
saline water for industry of which 1 mgd fresh water was used for publicutility fuel-electric power, and 9.5 mgd for irrigation. Surface-water use
included 1,700 mgd for public and 14 mgd for rural supply, 5,500 mgd fresh
and 5,700 mgd saline water for industry of which 3,900 mgd fresh and 4,400
mgd saline water was used for public-utility fuel-electric power, and 18 mgd
for irrigation. About half total use of ground water was on Long Island,
nearly two-thirds for public supply and one-third for industry; irrigation use
still small but growing. Hydropower use 270 bgd, largest in Nation.
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Chief problems include supplying water for growing municipalities, expected
to need more than 3 bgd by 1980; agricultural drainage and flood control in
wet weather and provision of supplementary irrigation water in dry weather;
and coordination of water developments as competition grows. Water Resources
Act of 1959 provides for investigations to evaluate water resources and for
planning of multiple-use projects; some revisions of water law needed to facilitate future projects. Canal system offers possibilities for water supply as well
as transportation, but pollution of canal water is a factor to be considered.

New York has large water resources and a large water demand
accompanied by the usual problems encountered in obtaining adequate supplies of water at reasonable cost and coordinating competing uses of water. The State's problems are chiefly those of
control and distribution of water rather than basic supply, for it
has very large resources of water of good quality.
The State, except for Long Island and the southern part of Staten
Island in the Coastal Plain, is in the Glaciated Central and Appalachian ground-water regions as defined by Thomas (1952a). Except
for the island areas named and for a strip along the Great Lakes it
is in the Appalachian Highlands physiographic division; the strip
along the Great Lakes is in the Central Lo~vland province of the
Interior Plains division.
Most of southern and western upstate New York lies in the
Appalachian Plateaus province. In that province, sedimentary
rocks of Paleozoic age dip gently away principally southward
from an upland of Precambrian crystalline rocks which culminates
in the Adirondack Mountains in the northern part of the State. A
prominent northward-facing scarp formed by rocks of Silurian age,
the Niagara escarpment, separates the Plateaus from the lowland
along Lakes Erie and Ontario, which is underlain by older Paleozoic
rocks; the Adirondacks slope gently northward into the St. Lawrence
Valley, where the Precambrian rocks pass beneath early Paleozoic
rocks. In the southeast, the high, dissected plateau of the Catskill
section, underlain largely by sandy rocks of Devonian age, forms the
Catskill "mountains."
The Champlain and Hudson Valleys along the east edge of the
State are a lowland underlain by folded and metamorphosed rocks
of early Paleozoic and Precambrian age the Champlain section of
the St. Lawrence Valley province and the north end of the Valley
and Ridge province. Southeasternmost upstate New York lies
largely in the New England Upland section of the New England
province; southeastern Rockland County, the southernmost part of
the State west of the Hudson River, represents the north tip of the
Piedmont province and is underlain mainly by the Triassic sandstone and shale that are prominent in the Piedmont in New Jersey
and certain other States to the south and in the Connecticut Valley
of the New England province to the northeast.
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Manhattan and the Bronx are underlain by Precambrian and
early Paleozoic ('?) rocks, and the northern part of Staten Island by
Triassic or older rocks. Geologically these parts of New York City
can be considered to belong to upstate New York. The southern
part of Staten Island and all of Long Island are in the Coastal
Plain, where the older, or "basement," rocks are covered by southeastward-dipping strata of Cretaceous age. The Cretaceous rocks in
turn, like the rocks in nearly all of upstate New York, are mantled
by glacial sediments of Quaternary age.
Nearly the whole State was glaciated. The glacial front during
the latest glaciation of the Pleistocene Epoch, the Wisconsin, halted
on Long Island and Staten Island and built prominent sandy
moraines and outwash plains whose deposits mantle the preglacial
rocks. The glacial drift in upstate New York is more typical of
that generally expected. It consists of clayey, bouldery till which
mantles the bedrock and, in the valleys that received melt water
from the ice, is overlain or replaced by glacial outwash and lake
sediments collectively called "stratified drift."
The precipitation is least, as little as 30 inches, along the northwest edge of the State, where the land surface is low and the distance
from the Atlantic Ocean is at a maximum. It rises to 50 inches or
more in the Adirondacks, then decreases east of the mountains.
Southward it holds up well because of the increasing nearness of
the ocean, and it rises again to about 50 inches in the Catskills. Near
the coast it is about 42 to 46 inches. It averages about 39 to 40
inches in the whole State.
The runoff is high, as in New England, owing to the ruggedness,
elevation, and cool climate of most of the State. The average rate
of runoff, about 22 inches per year, is equaled or exceeded only in
New England and New Jersey. The runoff is less than 15 inches
only in a belt extending from Lake Ontario to Pennsylvania and
including the Finger Lakes region. It is as much as 40 inches in
the Adirondacks and as much as 30 inches in the Catskills. The total
runoff is about 52 bgd and is exceeded only by that of Oregon,
Washington, and California.
The withdrawal use of water, including saline water, in 1960 was
about 800 gpd per capita. The totals were about 7,800 mgd of fresh
water, 630 mgd of ground water and 7,200 mgd of surface water,
and 5,700 mgd of saline water, all but 15 mgd surface water.
Ground-water use included 330 mgd for public and 140 mgd for
rural supply, 150 mgd fresh and 15 mgd saline water for industry,
and 9.5 mgd for irrigation. Only ] mgd of ground water, all fresh,
was used for public-utility fuel-electric power. Surface-water use
included 1,700 mgd for public and 14 mgd for rural supply, 5,500
mgd of fresh and 5,700 mgd of saline water for industry, and 18
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mgd for irrigation. About 3,900 mgd of the fresh and 4,400 mgd
of the saline surface water withdrawn for industry was used in
public-utility fuel-electric power generation; probably much of the
remaining saline surface water and some of the remaining fresh
water was used for generation of fuel-electric power by industries
for their own use.
In 1960, according to data of the State Department of Public
Health, there were 1,071 public systems supplying more than 15
million people in 1,737 communities. Ground water supplied all
the water for 647 systems serving more than 2^ million people in
888 communities, plus part of the water for 106 systems serving
nearly three-quarters of a million people in 253 communities.
The State's population of nearly 17 million, the largest in the
Nation, increased by 13.2 percent from 1950 to 1960. If present
trends continue New York will be second to California long before
1970, but the population will continue to grow and will still generate
very large water demands. The State (State Officials, 1960, p. 256)
estimates that the demand for water for public supply will be 3!/4
bgd by 1980, three-fifths again as high as in 1960. Other uses also
will rise. The irrigated area is expected to increase substantially,
from about 57,000 acres receiving supplemental water in 1960 to
perhaps several times that much by 1980 (idem, p. 257), requiring
between half a foot and a foot of water each year. Thus the requirement for irrigation by 1980 may be a substantial fraction of a billion
gallons per day. Industrial demand, already the greatest, should
continue to increase perhaps as rapidly as the population and so by
1980 will be truly impressive.
Non-withdrawal use of surface water for hydroelectric-power generation is great, as it is in New England and in several other States,
especially Oregon, Washington, Tennessee, Alabama, and Idaho.
New York's 1960 total of 270 bgd was the largest in the Nation. Of
course, a very large part of the total represents water of the Great
Lakes passing through the powerplants at Niagara Falls and on the
St. Lawrence River at Massena.
GROUND-WATER RESOURCES

A large amount of information on ground water is available, especially for Long Island, as the result of studies in cooperation between
the U.S. Geological Survey and State, county, and local agencies.
The principal cooperating agencies are the Water Resources Commission (formerly Water Power and Control Commission) of the
New York State Department of Conservation and the Nassau County
Department of Public Works, Suffolk County Board of Supervisors,
and Suffolk County Water Authority.
The studies show that New York's readily available ground-water
resources are largely in unconsolidated sand and gravel. Bedrocks
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yield small to moderate and locally even large supplies, but in general well yields are small. The productive unconsolidated deposits
include glacial out wash sand and gravel, both on Long Island and
in valleys upstate, and the sand and gravel of Cretaceous rocks on
Long Island.
It is convenient to divide the description of ground-water resources
and utilization into two sections, on Long Island and on upstate New
York. For this purpose "upstate" New York includes everything
down to and including the Bronx (Bronx County) and Manhattan
(New York County), and the northern part of Staten Island (Richmond County). The Long Island area can be denned to include the
Coastal Plain part of the State, including Long Island and the
southern part of Staten Island. Staten Island is not considered further in this report, as the public water supply is obtained from
outside and the small demand for ground water is met readily by
wells tapping glacial drift which covers the island, or Cretaceous
strata which underlie the drift in the southern part. The public
supply of Staten Island, once obtained in part from New Jersey
until that State prohibited export of its water, is now furnished by
New York City and comes largely from upstate sources.
LONG ISLAND

Long Island is about 125 miles long and has a land area of about
1,400 square miles. The pre-Cretaceous bedrock exposed in numerous
places in Manhattan and on the mainland is at or below sea level
throughout Long Island. It rises to sea level in a few places in the
extreme western part of the island across the East River from Manhattan but is exposed in only one or two places along the shore. It
slopes southeastward at about 100 feet per mile (deLaguna and
Brashears, 1948, map; Suter and others, 1949, pis. 8-10), as in the
Coastal Plain States to the south.
Above the bedrock and forming a southeastward-thickening wedge
are sedimentary rocks of Cretaceous age, beginning at the bottom
with the Raritan Formation. Above the Raritan are beds of Cretaceous age which have been tentatively but not positvely correlated
with the Magothy Formation of New Jersey and thus have been
designated the Magothy (?) Formation (deLaguna, 1948, p. 10-13).
These beds are now believed to include sediments of post-Magothy
as well as Magothy age (Perlmutter and Crandell, 1959, p. 1066).
The Raritan consists of two members. At the base is the Lloyd
Sand Member, an important aquifer. The Lloyd does not crop out
anywhere, and it feathers out at the northwest along a line running
south westward from Flushing Bay (Suter and others, 1949, pi. 11).
It thickens southeastward to 300 feet or more in southern Suffolk
County, where it lies as deep as 1,700 feet below sea level (idem,
pis. 12,13).
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The Lloyd grades upward into an upper unnamed clay member.
The clay member overlaps the Lloyd and pinches out a little to the
northwest of the featheredge of the Lloyd. Its surface was eroded
slightly before the overlying Magothy (?) Formation was deposited
and thus is somewhat irregular; in a few areas valleys were cut
through it, exposing the Lloyd. It too does not crop out, although
it rises to 20 feet or less below sea level southwest of Flushing Bay
(idem, pi. 14). It thickens southeastward to about 300 feet and in
southern Suffolk County lies as deep as 1,400 feet below sea level.
It contains a few beds of sand but is mostly silt and clay. Nevertheless, it transmits water downward to the Lloyd Sand Member.
The Magothy (?) Formation overlies the Raritan in most places
but appears to pinch out northwestward short of the featheredge
of the Raritan. The upper surface of the Magothy (?) rises as high
as 220 feet above sea level in northeastern Nassau County and is at
or above sea level and thus the Magothy (?) crops out along the
shore in places in the bays and necks of northern Nassau and northwesternmost Suffolk Counties (idem, pi. 17). The formation consists
chiefly of fine-grained sediments ranging from solid clay to fine
clean sand, but it includes several layers of coarse, water-bearing
sand and gravel which form productive and important aquifers. It
thickens southeastward to about 1,000 feet in southern Suffolk
County, where it lies only about 100 feet below sea level (idem, pis.
18,19).
Above the Cretaceous rocks in eastern Nassau and western Suffolk
Counties are thin remnants of what may be a continental deposit
of Pliocene age, the Mannetto Gravel. Except for this possibly
Tertiary unit, the sediments above the Cretaceous are almost entirely
of Pleistocene age and of glacial or related origin. The older ones,
generally resting on the Cretaceous or on the Mannetto Gravel,
represent glacial stages preceding those that produced the main
body of glacial drift. They include the Jameco Gravel, a bed of
glacial outwash in Kings, Queens, and southern Nassau Counties
and possibly in parts of Suffolk County; and the Gardiners Clay,
an interglacial marine clay present in much of the Kings and
Queens and in in parts of northern and southern Nassau and Suffolk
Counties. Others include the Jacob Sand, into which the Gardiners
Clay grades upward; and the Manhasset Formation* which consists
of outwash gravel at the bottom and top and clayey till in the
middle. The Manhasset is present in northern Nassau County and
elsewhere in northern Long Island, in adjacent islands within New
York State off the North Fluke, and in Block, No Mans Land,
Marthas Vineyard, and Nantucket Islands and on Cape Cod in
Rhode Island and Massachusetts. The Jameco may have been
deposited late in the Illinoian Glaciation, the Gardiners in the Sanga-
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mon Interglaciation between the Illinoian and Wisconsin Glaciations,
and the Jacob and Manhasset as well as the uppermost and thickest
deposits, described below, during the Wisconsin Glaciation (deLaguna, Wallace, in Suter and others, 1949, p. 46).
The Manneto Gravel, the Jacob Sand, and the gravel beds of the
Manhasset Formation are water bearing but are not considered to
form distinct aquifers. The Jameco Gravel is an important aquifer
in southern Kings and Queens Counties and southwestern Nassau
County but is less important than the uppermost deposits, the glacial
drift of the last two invasions of the Pleistocene glacier. The
Gardiners Clay and the till of the Manhasset Formation act as
confining beds. The Gardiners Clay at the Brookhaven National
Laboratory in Suffolk County was studied to determine how effective
it might be in halting downward percolation of radioactive or other
contaminants. From a comparison of the minute fossils known as
Foraminifera, found in the Gardiners, with similar forms living
today in the sea water off Long Island it was concluded that the
Gardiners was probably laid down in somewhat patchy form in
very shallow salt and brackish water and hence may not be as reliable
a confining bed as one deposited more continuously farther offshore
(Weiss, 1954, p. 157).
The deposits of the last two advances of the ice have long been
and still are known as the upper Pleistocene deposits, though if the
possibility cited by deLaguna is confirmed the older ones down to
and including the Jameco Gravel also could be called upper Pleistocene. The upper Pleistocene deposits are the thickest, most widespread, and most permeable of the post-Cretaceous sediments and
are the main reason why Long Island is such a productive groundwater area.
The first of the upper Pleistocene deposits originated in a glacier
which extended to the middle of Long Island and formed a
prominent terminal moraine, the Ronkonkoma, which extends eastward to form the South Fluke, and outwash deposits which underlie
the south slope of the island. The last glacier did not advance so
far southward. It formed another prominent terminal moraine, the
Harbor Hill, which extends along the north shore and forms the
North Fluke, and outwash deposits between the two moraines.
The upper Pleistocene deposits include some clayey till and finegrained lake sediments but are mostly sandy and permeable. They
may be as much as 200 feet thick in Kings and Queens Counties and
as much as 300 feet thick beneath the highest parts of the Ronkonkoma moraine in Suffolk County (Perlmutter, N, M., in Suter and
others, 1949, p. 24).
The youngest deposits on Long Island are beach sand and river
and bay silt and clay of Recent age which fringe the shoreline. They
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are of little importance except that the finer grained ones tend to
restrict the outflow of fresh ground water and, to some extent, to
protect the fresh-water body from salt-water encroachment.
There is not much direct runoff from Long Island. Nearly all the
rainwater and snowmelt goes underground, and the part (about
half) that reaches the water table flows either to streams or to the
shore. Thus nearly all the runoff of about 20 inches represents
ground-water recharge about a million gallons per day per square
mile, and the total recharge on the island is in excess of a billion
gallons per day. Studies by Jacob (1944b, 1945a) suggest that even
more than half about 60 percent of the precipitation becomes
ground water nearly 1*4 mgd per square mile. Jacob's methods of
correlating ground-water levels with precipitation were later refined
by B. J. Bermes in a master's thesis submitted to the University of
Utah in 1953.
There is now considerable runoff from built-up areas, but a part
of the storm water is intercepted and discharged into recharge basins,
so that the effect of buildings and pavements in reducing groundwater recharge is not as great as it might otherwise be.
The infiltrating water from rain and snow has built up a moundshaped body of fresh water in the Pleistocene deposits whose crest,
a ground-water divide, runs along a little north of the middle of
the island and rises as high as 90 feet' above sea level in the middle
of Nassau County (Jacob, 1945b, pi. 1; Lusczynski and Johnson,
1951, pis. 1-3). From the divide the water moves generally northward and southward to streams or to the shore. Each of the two
"flukes" at the east end of the island has its own ground-water divide
from which water flows into the sea or into the bays between the
flukes.
Water percolates downward from the lower part of the postCretaceous deposits into the Magothy (?) and Raritan Formations,
and in these formations also it then moves generally northward and
southward. Inasmuch as the Cretaceous aquifers obtain their water
by percolation from above, their piezometric surfaces of course are
not as high as the water table in the middle of the island, but near
the shores the effect of the confining beds is to preserve the artesian
pressure so that the piezometric surfaces are above the water table.
Along the south shore wells in the Magothy (?), and along both south
and north shores wells in the Lloyd Sand Member, generally will
flow unless the head has been drawn down by pumping.
Most of the water in both Pleistocene and Cretaceous aquifers is
soft or only moderately hard and is low in dissolved solids. In
places it is naturally hard or high in iron, and in others it is contaminated by wastes. A fresh water-salt water interface exists in
each aquifer at or some distance inland or off the shore, and when
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the aquifer is pumped heavily the interface advances landward. The
interfaces are farthest offshore in the Magothy (?) and Lloyd in the
middle part of the south shore.
There has been extensive encroachment of salt water in Kings,
northwestern and southern Queens, and southwestern Nassau Counties. In the North and South Flukes the fresh-water body is not
thick because of the relatively low elevation and narrow width of
the land areas and the resulting lack of opportunity for storage of
a large body of fresh water. Thus these areas are especially susceptible to salt-water encroachment, which has already occurred locally.
The pumpage of ground water in Long Island in 1960 was about
310 mgd, nearly two-thirds for public supply and one-third for
industrial and commercial purposes. About 10 mgd was used for
domestic supply and 8 mgd for irrigation. About 21/4 million people
in Queens, Nassau, and Suffolk Counties drink water from publicsupply or domestic wells. About 4% million people in Kings and
northern Queens Counties are supplied from upstate sources.
About 24 mgd was pumped in Kings County for industrial and
commercial uses in 1960. No water is now pumped for public supply,
the public water coming almost entirely from the upstate reservoirs
of New York City. Much of the ground water is pumped for air
conditioning and is returned to the ground through recharge wells
(Brashears, 1946).
The pumpage in Queens County was about 67 mgd, most of it
for public supply and the rest for industrial and commercial use
including air conditioning. Most of the public water in the southern
part is supplied from wells of two private water companies. Public
water in the northern part of the county is supplied from upstate
sources.
The pumpage in Nassau County was about 145 mgd. Most of the
water was used for public supply. The water'is pumped by private
water companies, by water districts, or by municipal water departments. Some private wells are used for air conditioning or other
commercial or industrial purposes, domestic supply, and irrigation.
The pumpage in Suffolk County was about 75 mgd. Slightly more
than half the water was used for public supply, the rest for industrial and agricultural purposes. The public water is pumped largely
by the Suffolk County Water Authority, but about 90 small private
water companies, water districts, and municipal systems also supply
water in the county. There are numerous domestic and irrigation
wells and a relatively small number of air-conditioning and other
commercial and industrial wells.
For many years most of the water in Long Island was pumped
from Pleistocene deposits. The Cretaceous aquifers were tapped
mainly near the shoreline where the shallow Avater is salty. Since
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1946 most new public-supply wells in Queens and Nassau Counties,
and more recently those in western Suffolk County, have been finished
in the Cretaceous aquifers to avoid both salt-water encroachment and
contamination by industrial and domestic wastes from surficial
sources.
UPSTATE NEW YORK

The bedrocks in upstate New York are of four general types. In
most of the western extension of the State and the middle of the
eastern part they are shaly shale, slate, and shaly sandstone. In
the Niagara escarpment and in belts paralleling the scarp to the
south, around the fringes of the Adirondacks, and in the southeast
they are limy limestone and dolomite (carbonate rocks). In the
lowland along Lake Ontario, along the north edge of the Adirondacks south of a belt of carbonate rocks, in the Catskills, and in
southeastern Rockland County they are largely sandstone and
conglomerate. In the Adirondacks and in the southeasternmost
upstate counties except southeastern Rockland they are crystalline
granite, gneiss, and so on.
In view of their differences in lithology and structure, the bedrocks are remarkably similar in water-bearing capacity. The water
occurs largely in fractures, even in sandstone and conglomerate.
The crystalline rocks generally yield only 2 or 3 gpm to wells. Most
of the other bedrocks generally yield less than 10 gpm. The carbonate rocks have the largest average yield, 15 to 20 gpm, because
of' enlargement of their fractures by solution not only of the carbonate minerals but also of included soluble minerals such as rock
salt and gypsum. The yield of wells in bedrock is greatest in valleys
where the rocks, are overlain by permeable sand and gravel. A few
wells yield as much as a few hundred gallons per minute from
bedrock.
The unconsolidated deposits are of glacial origin and are of two
principal types, till and stratified drift. The till mantles the bedrock
in the uplands and in the smaller valleys. In the larger valleys it is
overlain or replaced by stratified drift laid down by glacial melt
waters. The stratified drift includes silt and clay deposited in lakes
or backwater stretches in streams and sand and gravel laid down
by swiftly flowing water.
The till and the stratified silt and clay yield only small supplies
of water to large-diameter wells. Formerly a principal source of
rural water supply, such wells are rapidly being replaced by drilled
wells that tap water in sand and gravel interbedded with silt and
clay, or water in bedrock.
The most productive aquifers in upstate New York are glacial
outwash sand and gravel underlying flood plains and terraces along
the larger streams or, in a few places, occupying preglacial or
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glacial valleys not now occupied by perennial streams. Outwash
deposits are scattered over most of upstate New York, the principal
areas where they are scarce being the five northwesternmost counties Niagara, Erie, Orleans, Genesee, and Wyoming and the
Adirondacks and adjacent areas from Oswego County northeastward
to Lake Champlain. Among the most productive deposits are those
along a major glacial spillway which at times carried the outflow
of the glacial Great Lakes. It ran along the lower Mohawk River,
and then along the Hudson River from Albany southward to about
Kingston in Ulster County, where it left the present Hudson valley
and crossed over southwestward to the Delaware River at the
north corner of New Jersey.
Yields of several hundred gallons per minute from outwash sand
and gravel are not uncommon, and in a few favorable areas, such
as at Schenectady and Binghamton, yields of a few thousand gallons
per minute have been obtained. Large perennial yields are dependent
on induced infiltration from streams, as the replenishment from
precipitation on the generally narrow permeable deposits and by
underflow from the bedrock and glacial drift of the adjacent upland
is not sufficient to support large yields.
The total use of ground water in upstate New York was a little
more than 300 mgd in 1960. The principal areas of pumping and
amounts of use were as follows:
Million gallons
per day

Triple Cities (Binghamton, Endicott, and Johnson City) ___ _
Schenectady ________________________ ________
Jamestown ________________________ _______
Rockland County (several public water systems)_________
Corning _________________ ______ _________
Elmira __________________________________ __

40
30
10
10
5
5

Glacial outwash sand and gravel deposits were the source for all
the supplies listed except that in Rockland County, about two-thirds
of which came from standstone of Triassic age. The water in all the
areas was replenished in part by induced infiltration from streams,
which contributed 75 percent or more of the water in the two areas
of heaviest pumping.
Virtually all rural domestic water and a large part of rural stock
water came from wells and springs. These sources are adequate to
and will continue to supply most such demands, which are scattered
and small. Larger scale uses will be confined to areas (1) where the
need exists, as for expanding public supplies and new industries, and
(2) where information is available as to the local presence of
productive aquifers. This latter factor constitutes one of the principal
limitations on development of substantial supplies of ground water
671316 O 63
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in upstate New York; there are many places where ground water
may be available in needed quantities and might be cheaper to
develop than surface water, but where lack of information inhibits
its use. The key to expanded ground-water development in upstate
New York therefore is detailed studies of the occurrence of ground
water. The cooperative county reconnaissance studies, which to
date have covered about a quarter of upstate New York and are in
progress for another quarter, will help a great deal, but the rest
of the area should be covered and more detailed studies are needed
even in most of the counties already covered on a reconnaissance basis.
Another situation limiting ground-water development locally is
contamination of the water, either by saline water of natural origin
or by domestic and industrial wastes.
GROUND-WATER STUDIES

New York in its water problems is similar to other Northeastern
States of large population and water resources. The large population
means large and often conflicting water demands, and the large
water resources mean that there are often several possible ways
of meeting a particular demand. And, the varied interests and water
uses of different groups of the population mean that there are as
many opinions as there are groups when a question arises as to the
feasibility and desirability of a given proposal for obtaining water.
The result is that many studies of water are made, but decisions are
still difficult to arrive at and generally must reflect political as well
as hydrologic and economic judgment.
The need for some degree of State coordination and control of
water developments became apparent a long time ago, as growing
cities found it necessary to reach farther and farther beyond their
boundaries to tap new sources of water. The history of New York
City's, effort to supply itself adequately with water no doubt was at
least as influential as any other factor in making this need apparent.
That history is recounted interestingly by Martin (1960, p. 123-145),
whose description is based largely on an even more detailed account
by Nelson M. Blake entitled "Water for the Cities," published by
the Syracuse University Press in 1956. The problems of New York
City and other cities led in 1905 to the creation of a State Water
Supply Commission, charged with the responsibility of maintaining
"equity among the municipalities of the State in the sources for
public water supplies." Stream gaging by the U.S. Geological
Survey had begun in 1900 in cooperation with the State Engineer
and Surveyor and was devoted largely to the streams supplying
water to the Barge Canal. In 1907 the Water Supply Commission
began to contribute to the cooperative program, and the work was
continued when the Conservation Commission was created in 1911
and took over the functions of the Water Supply Commission
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(Follansbee, no date, p. 201-202). The Division of Water Power
and Control was set up as a part of the Conservation Department,
functioning under the Water Power and Control Commission which
consisted of the Conservation Commissioner, the Superintendent of
Public Works, and the Attorney General.
In 1931 the Legislature created the New York Special Joint
Legislative Committee to Investigate the Potable Water Resources
of the State of New York. The Commission was set up primarily
as a result of the drought of 1930 and of the problems involved in
obtaining adequate water for New York City including communities
on Long Island. The Commission made its final report in 1933. As
a phase of its work, in December 1931 it entered into cooperation
with the Geological Survey for a study of the ground-water resources
of Long Island, where New York City was considering obtaining
a large additional supply of water. Its 1933 report consists of
a brief summary of problems, a statement by the Geological Survey
on the cooperative ground-water investigation on Long Island
(Thompson and Wells, 1933), an exhaustive summary of New York
State laws relating to the control of water supply, and records of
precipitation and streamflow.
The stream-gaging program was expanded more or less steadily
after its beginnings, and the cooperative ground-water studies begun
in 1931 were later extended to upstate New York, also in cooperation
with the Water Power and Control Commission.
In 1959 the authority of the Water Power and Control Commission
for planning and coordinating multiple-use water projects in the
State was extended, and the name of the agency was changed to
New York Water Resources Commission. The changes are described
in the report of the New York Temporary State Commission on
Water Resources Planning (1960, p. 217-239).
The Water Resources Commission and its predecessors have had
authority over the development of public water supplies. In 1933
the authority was extended to use of ground water for industrial
and commercial purposes on Long Island. The 1959 law adds "the
regulated acquisition, storage, diversion and use of water for the
supplemental irrigation of agricultural lands within this state" as
a public use of water, but it makes no specific provision for functions
to be exercised by the Commission in regard to irrigation.
The ground-water studies can be divided into two groups those
on Long Island and those on upstate New York.
LONG ISLAND

Long Island had received attention in the early days of the
U.S. Geological Survey, in view of the importance both existing
and potential of its aquifers as a source of water for its own inhab-
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itants'and those of-adjacent areas. A report on the ground-water
resources by Veatch and others was published in 1906. As a phase of
the study particular attention was given to measurement of underflow (Slichter, 1905a) and to fluctuations of ground-water levels
(Veatch, 1906b). A description of the geology more detailed than
that in the 1906 report of Veatch ^and others was prepared by Fuller
(1914). The configuration of the bedrock floor beneath the unconsolidated sediments, a subject of importance to the hydrology, is
described in a report (Hobbs, 1905)- which covers the whole Greater
New York City area.
The New York City Board of Water Supply, created in 1905
to find and develop new sources of water for the city, in 1912 issued
a comprehensive report describing and evaluating possible sources
of water in Suffolk County on Long Island. Water for Brooklyn and
Queens, boroughs of New York City, was already being obtained
in those boroughs and in adjacent Nassau County; not until 1917 was
water from upstate sources available to the part of the city on
Long Island (Suter, 1937, p. 34-35). The report of Suter just cited
was a comprehensive evaluation, based on information then at hand,
of the availability of water on Long Island for all uses.
Salt-water encroachment in a few localities in Long Island was
the subject of a brief section in the report of Brown (1925, p. 44-48)
on coastal ground water, which was devoted mainly to Connecticut.
It was expansion of that encroachment, especially in Brooklyn, that
was responsible in substantial part for the creation of the Special
Joint Legislative Committee in 1931, for the beginning of the cooperative ground-water studies late in that year, and for the enactment
in 1933 of legislation to control the pumping of ground water for
industrial and commercial uses.
The reports cited so far, to which might be added a paper
describing long-term records of ground-water levels (Leggette,
1936b) and a brief but informative summary paper by Upson (1955),
provide a good basis for general consideration of ground water on
Long Island. Most of the reports prepared since 1937 represent
refinement and updating of information necessary to maximum yet
safe exploitation of the ground water on«Long Island. Among the
most significant are those of Suter and others (1949) and Jacob
(1944b, 1945a) already cited. Another that might be cited is that
drf Jacob (1941) on the elasticity of the Lloyd Sand Member, a
-jnatter of fundamental importance in. evaluating the productiveness
of this artesian aquifer.
One of the steps taken by- the Water Power and Control Commission to reduce the draft of ground water that was causing encroachment of salt water in western Long Island was to require that water
used only for air conditioning and other cooling purposes and not
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contaminated by such use be returned to the ground through recharge
wells. In this way Long Island became the leading area in the
Nation for artificial recharge through wells. An effect of the
recharge that was quickly noticed was that of the warm recharge
water in raising the temperature of the ground water and thus
making the water less effective for cooling (Brashears, 1941a, 1946).
The warming has gradually slowed as the upward loss of heat to the
soil and the atmosphere has increased.
Another process by which the ground-water draft has been
reduced has been a gradual reduction in the pumping of water for
public supply, accompanied by substitution of water from upstate
sources. For example, in 1947, the City of New York acquired by
condemnation the well system of the New York Water Service
Corp., which had been supplying about 350,000 residents in the
Flatbush section of Brooklyn, and shut down the wells. The shutdown reduced by more than half the net withdrawal of ground water
in Kings County, and water levels, which had been below sea level
for many years, recovered as much as 19 feet in central Brooklyn by
the end of 1950 (Lusczynski, 1952, p. 10-20).
Salt-water encroachmen in the whole island, the principal factor
limiting ground-water development, is discussed by Lusczynski and
Upson (1954). Encroachment in individual areas is described in
some of the areal reports cited beyond, and all areas in the island
where it is occurring or threatens are under active study.
Another principal index to ground-water availability is fluctuations of ground-water levels. Measurements in observation wells are
included in most areal descriptive reports. Measurements in key
wells are published by the U.S. Geological Survey in its watersupply papers on ground-water levels in the United States. The
records were published annually for years through 1955. Those for
the Northeastern States for 1956-57 were published in Water-Supply
Paper 1537, and records for 1958-62, 1963-67, and so on will be
published at 5-year intervals. Data for Long Island are released
monthly and annually in duplicated reports. Measurements made in
Nassau County through 1956 and not otherwise published are included in a report by Isbister (1959). A similar report on Suffolk
County was prepared by Hoffman and Lubke (1961). Deep wells
are drilled at selected locations where geologic and hydrologic information is scanty, and are then maintained for water-level observation. A typical well of this type at Plainview, Nassau County, is
described by Perlmutter and Lusczynski (1952).
Records of wells, an important source of basic information, are
published in early bulletins of the New York Water Power and
Control Commission or later bulletins of the Water Resources Commission: for Kings County, Bulletins GW-3 and GW-8; Queens
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County, GW-6 and GW-11; Nassau County, GW-5, GW-10, and
GW-39; and Suffolk County, GW-4, GW-9, and GW-31.
Studies have been completed or are underway in the principal
areas of ground-water development. The studies in the early period
of the cooperative investigation were devoted mainly to Kings
County and the results are summarized in reports already cited,
especially those of Brashears, Jacob, and Suter and others. Summary
information on Brooklyn and Queens is given in a report on the
five counties of New York City by Perlmutter and Arnow (1953).
A summary report on the geology and ground-water resources of
Queens County is in preparation. Northeastern Queens is covered
in a report which covers northwestern Nassau County also (Swarzenski, publication pending); a summary is given in a journal article
by the same author (1959). The ground-water geology in relation
to sea-water encroachment in southeastern Queens County and adjacent southern Nassau County is discussed in a report by Perlmutter
and Geraghty (1962). Journal articles by Perlmutter, Geraghty,
and Upson (1959) and Lusczynski and Swarzenski (1960) contain
summary information. Data on water levels and chloride content at
"outpost" observation wells established to monitor the progress of
salt-water encroachment are given in a brief open-file report by
Geraghty (1953). Further work on salt-water encroachment in
southeastern Queens and southwestern Nassau Counties is underway
(Lusczynski, 1962).
Northeastern Nassau County is covered in a report now in
preparation.
Much of Suffolk County is covered in studies that are underway
or completed. The northwestern part (Huntington-Smithtown area)
is covered in a report by Lubke (publication pending), and the
Babylon-Islip area in southwestern Suffolk County in a report by
Pluhowski and Kantrowitz (1961). The central part of the county
was covered by studies made for the Brookhaven National Laboratory, and a comprehensive report is in preparation. The North Fluke
is being covered in a study of the Town of Southold (Hoffman, 1961;
Crandell, publication pending). The salinity of -ground water in
Riverhead and Southold Townships is discussed in an open-file
report by Lusezynski and Hoffman (1951). A study of the Montauk
Point area at the tip of the South Fluke has been completed (Perlmutter and DeLuca, publication pending). Other reports published
to date on Suffolk County include one on chloride content and temperature of water from wells (Hoffman and Spiegel, 1958), one on
ground-water utilization (Hoffman, 1959), and one on water levels
and their relation to ground-water problems by Hoffman and Lubke
(1961).
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Ground-water conditions on certain islands off Long Island are
described in a report on Plum Island at the tip of the North Fluke
(Crandell, 1962) and reports on the south-shore barrier beaches
(Perlmutter and Crandell, 1959; Lusczynski and Swarzenski, 1962).
UPSTATE NEW YORK

New York City and environs is the transition area between Long
Island and upstate New York. Ground water in the five boroughs
of New York City is described in a report (Perlmutter and Arnow,
1953) devoted mainly to Bronx, New York, and Kichmond Counties
but containing summary information on Kings and Queens Counties,
previously described in many other reports. Ground water in the
six upstate counties immediately north of the city is described briefly
by Perlmutter (1960). Three of these counties are covered in more
detailed reports included in the following list:
County
Author (s) and year
Albany..__---_______-_-_.._______--___---_.-- Arnow, 1949.
Broome (southwestern)_.____-_---__________ Brown and Ferris, 1946.

Chemung___._.._._____._____-._____..__.Cortland (Gortland quadrangle)_______________
Columbia_________________________________
Delaware._-________.____-______-__-____-_-_
Dutchess.-______--______-_-___-____----_-__
Erie (water resources of Buffalo-Niagara Falls
region).
Fulton.____________________________________
Greene._-----___-_-_-_____-_--___--___-_--Monroe:
County --_-_---_------------__-------Rochester area (water resources)__________
Montgomery________________________________
Ontario.________________ ____-______--_____Putnam.___________________________________
Rennsselaer___--_-__________________________
Rockland-_.-__-_________-_-___-___-_--__-_Saratoga:
West Milton area___._____-_._____--___
Interim report on studies to date in county.- _
Schenectady._______________________________
Schoharie_____--_-__-----_--_----_--_------_
Seneca.____________________________________
St. Lawrence (Massena-Waddington area) ______
Sullivan.. __________________________________
Washington_______________________________
Wayne... _____________________________1____
Westchester (well records only)___.__________

Wetterhall, 1959.
Asselstine, 1946.
Arnow, 1951b.
Soren, 1962.
Simmons and others, 1961.
Reck and Simmons, 1952.
Arnow, 1951a.
Berdan, 1954.
Leggette and others, 1935.
Grossman and Yarger, 1953.
Jeffords, 1950a.
Mack and Digman, 1962.
Grossman, 1957.
Cushman, 1950.
Perlmutter, 1959.
Mack and others (publication
pending).
Heath and others, 1962.
Simpson, 1952.
Berdan, 1950.
Mozola, 1951.
Trainer and Salvas, 1962.
Soren, 1961.
Cushman, 1953.
Griswold, 1951.
Asselstine and Grossman, 1955.

The counties and areas covered by published reports are largely
east of the Hudson as far north as Washington County and in a
group west of the Hudson beginning with Greene and Albany Coun-
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ties and extending northwestward to Fulton County. This sizable
group in southeastern New York will be filled out when studies now
underway or reports already in preparation are completed for Saratoga County on the north and Delaware, Ulster, and Orange
Counties on the south. Studies in northern Orleans County and
adjacent Niagara County, Ontario County, and the Oneida River
basin will largely round out the area south of Lake Ontario. The
only area currently under study in the south tier of counties, of
which Chemung and southwestern Broome Counties are covered in
published reports, is that in the Conewango Creek basin in Chautauqua County.
Saline water as a possible source for conversion to fresh water is
described in a 1956 report which contains a section on Long Island,
Staten Island, and Manhattan (Lusczynski and Geraghty) and one
on upstate New York (Asselstine and Grossman). Saline ground
water at Syracuse is described in a report by G. L. Higgins, Jr.,
submitted as a master's thesis to Syracuse University in 1955.
Ground water in the Croton Valley below the Croton Reservoir
of the New York City water supply is described by Leggette and
Jacob (1938). Methods of estimating underflow used in the study
are described in more detail by Jacob (1938).
Studies in the Schenectady area, described by Simpson (1952),
included certain interesting phases described in more detail in other
papers. One was the use of radioactive substances to trace the
movement of sewage wastes discharged into the Mohawk River, in
relation to uses of surface water downstream and to induced infiltration to adjacent aquifers (Simpson and others, 1957). Another was
a study of the lithology and structure of the glacial drift that led to
an original hypothesis on the possible role of upward-moving ground
water in causing the deposition of till from an overriding glacier
(Simpson, 1961). Simpson (1949) also described buried, gravelfilled preglacial channels which are potentially important aquifers
between Schenectady and Albany.
The interesting and significant subject of the effect of reforestation
on streamflow is considered in a report on an area of experimental
reforestation between Binghamtoii and Syracuse (Schneider and
Ayer, 1961). The study of the effect on streamflow was undertaken
in 1932 as a result of personal interest expressed by President
Franklin D. Roosevelt (Outlaw, 1953, p. 66). The study showed that
in the Shackham Brook watershed, one of three basins in the study
area that were partly reforested in the early 1930's, the annual runoff
was about 5 inches, or about 23 percent, less in 1957 than it had been
in 1934 (Schneider and Ayer, 1961, p. 56). On the average, a little
more than a third of the observed decrease in flow occurred during
the growing season and a little less than two-thirds in the dormant
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season. Peak flows during the dormant season were reduced by an
average of about 41 percent, but no significant changes were observed in growing-season peaks, in the rate of recession of base flow
after a peak, in the volume of direct runoff, or in the annual low flow.
PROBLEMS, PROSPECTS, AND NEEDS

New York's problems are largely those (1) of water users in
obtaining and transporting water from areas where it is available to
areas where it is needed and (2) of the State in coordinating conflicting demands and assisting in the planning of future developments in which conflicts will be minimized and use of water will be
both effective and in harmony with various interests. The act of
1959, chapter 843 of the laws of New York, expands the already
broad powers of the State to investigate water resources and to plan
and coordinate water use. Intelligent action by the agencies and
people of the State under the provisions of this law, taking
advantage of the very large resources of good water available to the
State and of the State's broad economic base, should make it possible
to obtain adequate water for ,all uses for decades to come. Many
difficulties will arise in the solution of individual problems, but
none that cannot be overcome by properly coordinated effort.
The problem of obtaining adequate water for the rapidly growing
"megalopolis" of which New York City is the hub cannot help but
occupy a large share of the attention devoted to water problems in
New York in coming years. More and more, the large cities will
have to reach out beyond their present sources to tap new ones, and
small communities that formerly supplied their own water will find,
as they grow and merge with neighboring communities, that local
sources are no longer able to meet the demand and must be supplemented or replaced by water from extended metropolitan systems.
Urban development since World War II has been so rapid that
its impact on water resources is appreciated only dimly so far. The
subject is discussed in a preliminary way by Savini and Kammerer
(1961) in the first of a planned series of reports. The report summarizes the hydrologic changes that occur during the transition
from preurban through early and middle to late urban stages. In
general, the progression of events is as follows: removal of vegetation, construction of scattered homes, drilling of wells, installation
of septic systems, bulldozing of land for mass construction of homes
and other buildings, diversion of streams for increased water supply,
discharge of inadequately treated sewage, restriction of stream
channels, drilling of larger capacity wells, and construction of larger
waste-disposal systems. Ultimately, the late urban stage is reached,
in which systems for supply and distribution of water, collection
and treatment of waste, artificial recharge of ground water, and
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reclamation and reuse of waste water are highly developed and
integrated.
LONG ISLAND

Long Island has abundant ground water but, owing to the
exposure of the island to salt water and to. the permeability of the
sediments, the supply is especially vulnerable to encroachment of
salt water, contamination by wastes from surficial sources, and reduction in recharge resulting from covering of the land surface by
pavements and buildings and from rapid discharge of sewage and
storm water into the sea. The total supply that could be developed
safely is much larger than that now pumped, but it is substantially
less than the recharge. More important, the available supply is most
limited by the unfavorable factors cited, and is growing smaller, in
the areas where the need is greatest. Hence, a great deal of effort
and expense will be involved in the maximum exploitation of the
ground-water supply.
Overpumping in the 1930's and 1940's caused extensive encroachment of salt water in Brooklyn. Cessation of pumping for public
supply and artificial recharge of cooling water have resulted in
substantial rises in water levels, but levels are still relatively low
and the water in the deeper aquifers, as well as in the shallow
aquifers along the shore, is still salty. There has been some freshening of the water, but how much is not known. Ground-water
recharge is much less than it was under natural conditions, owing
to covering of much of the land surface by pavements and buildings
and to rapid disposal of. storm water through sewers. Because of
high land costs, there is little opportunity for artificial recharge of
the storm water through infiltration basins, such as is practiced in
parts of Nassau County. Sewers act as ground-water drains and
also tend to cause water to discharge more quickly than it did under
natural conditions.
The situation in Queens is similar, less critical in the inland part
but even more critical currently in the southern and northwestern
parts, where heavy pumping has lowered water levels below sea
level. In extreme southern Queens and southwestern Nassau Counties the land surface and water table are low and the body of
fresh water in the Pleistocene sediments and Magothy( ?) Formation
is thin and, near the shore, absent. Salt water extends several miles
inland in these aquifers and is now moving slowly northward in
response to pumping, which has lowered water levels below sea
level in the Jamaica area. The Lloyd Sand Member, the only freshwater aquifer in some areas, contains fresh water for some distance
offshore but is susceptible to eventual salt-water encroachment if
pumping continues to increase. In northwestern Queens the
Cretaceous aquifers are not present and the shallow aquifer has
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been contaminated locally by salt water moving inland from tidal
creeks and the East River in response to pumping from industrial
wells.
In western Nassau County ground-water levels have declined
slightly as a result of heavy pumping within the county and in
adjacent parts of Queens County. The increase in pumping in recent
years has been especially great in southern Nassau County. Encroachment of salt water in the southwestern part of the county and
adjacent Queens has been mentioned.
In northwestern Nassau County the total volume and intake
capacity of the aquifers are limited by northward thinning of
the Cretaceous strata and, near the shore, by thinning of the
Pleistocene sediments. Heavy pumping causes substantial lowering
of water levels during periods of peak withdrawal and poses a threat
of salt-water encroachment in the Lloyd Sand Member, the principal
aquifer.
The barrier beaches at the south edges of Nassau and Suffolk
Counties are existing or potential problem areas. The shallow
aquifers have only a little fresh water, floating on salt water. As
use of the beaches becomes more intense the shallow water becomes
both contaminated and inadequate in amount. The deeper artesian
water is naturally saline in some areas, though information on it
is scanty and becomes available only as deep wells are drilled to
supply growing needs. Even where it is fresh it is susceptible to
salt-water encroachment when wells are heavily pumped. Salt water
may be drawn beneath the beaches by pumping on the main island
as well as pumping on the beaches. The distance offshore to which
fresh water extends in the artesian aquifers is unknown, and the
natural presence of salt water in some areas shows that the distance
is variable and that the water in some deep wells that is now fresh
may become salty in the future.
In the North and South Flukes at the east end of Suffolk County
the water in the deep aquifers is salty, and the only fresh water
available is in the locally recharged lens floating on salt water in
the shallow Pleistocene sediments. The fresh-water lens is subject
to salt-water contamination as a result of pumping and as a result
of flooding by sea water during storms. Development is currently
greatest in the Town of Southold, where the highest point on the
water table is only a few feet above sea level and the supply of fresh
water is small. Any large increase in current pumping is likely to
cause severe encroachment. Encroachment has already occurred
locally along the Flukes and elsewhere along the shoreline of Suffolk
County.
In many scattered localities, especially in the heavily populated
western counties, the ground water has been polluted by sanitary and
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industrial wastes. These areas are now supplied largely by public
water systems. Water obtained from many public-supply wells is
chlorinated to kill harmful bacteria, and more and more water is
being pumped from the Cretaceous aquifers which are much less
susceptible to pollution. Private domestic wells are used mostly in
suburban and rural areas where pollution is not severe. Nevertheless, pollution is a growing problem. Most of the areas where private
domestic wells are used are unsewered, and domestic wastes are discharged into septic tanks or cesspools from which water returns to
the water table and may enter the wells. So far bacterial contamination is not a serious threat, owing to the filtering action of the sand,
but the presence in the water of synthetic detergents which could
come only from sewage is being increasingly noted in the more
heavily populated unsewered areas in Nassau and Suffolk Counties.
Little is known of the extent of detergent contamination or of the
possible toxicity of the detergents. Intensified study of this problem
is needed.
Discharge of industrial wastes containing cadmium and chromium
salts into pits in southeastern Nassau and southwestern Suffolk
Counties has contaminated the shallow ground water locally. The
wastes are no longer discharged to the ground, but isolated bodies of
contaminated water are moving slowly downgradient to the coast.
A "quality" problem already mentioned is the rise in temperature
resulting from recharge of used cooling water in Brooklyn and
Queens. In some places where the shallowest water has become too
warm to be effective in cooling, wells have been drilled deeper to
obtain cooler water, but the deeper water in some areas is salty.
The salt water introduces a problem of corrosion control, and also
of disposal so that the shallow water will riot be further
contaminated.
Solution of Long Island's ground-water problems and maximum
exploitation of the supply will require much additional information,
even though a great deal is already available. In addition to the
studies mentioned previously, what could be called followup or monitoring activities involve a substantial effort. They include periodic
measurement of water-level fluctuations in 500 observation wells,
collection of water samples from 200 wells for chloride analysis, and
measurement of ground-water temperatures in areas of artificial
recharge, as well as following the drilling of important public-supply
and industrial wells and analyzing the geologic and hydrologic
information thus revealed.
The areal studies completed or underway involve the following:
distribution, character, and thickness of the water-bearing strata and
confining beds; hydrologic properties and degree of interconnection
of the aquifers; special problems of overpumping, salt-water
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encroachment, and contamination by wastes; and appraisal of the
availability of additional water. The study in the Brookhaven
National Laboratory and vicinity was aimed particularly at obtaining information to enable safe operation of 'this nuclear-research
laboratory.
General appraisal reports are proposed for each of Long Island's
four counties, for the information of the general public and local
officials. In addition, a moderately intensive study of the geology
and hydrology of Suffolk County is underway. The study will
provide a ground-water inventory for each of the townships in the
county, some of which have never been studied in any detail.
It is proposed to refine and update the report of Suter and others
(1949) on the geologic formations, which, valuable as it is, lacks
detail on the areas where development to date has been light and
where, therefore, the bulk of future development will take place.
Techniques to be used may include studies of pollen and spores and
heavy minerals in the sediments, as well as electrical logging >of
wells, as an aid in tracing and correlating the aquifers and confining
beds. Resistivity studies are proposed to delineate confining beds
and to show where salt water is present at shallow depth along the
south shore and in the Flukes.
It is proposed to prepare a series of "hydrologic profiles" extending from north to south at intervals across the entire island, to show
how water occurs and moves throughout the Cretaceous and Pleistocene sediments. Detailed knowledge of this type is essential to full
development of the ground water, as it will permit predicting just
what will happen to the existing ground-water system when any
major change is imposed on the system in a given area. Feasibility
studies will be made of the application of analog models and
computers to the solution of hydraulic and management problems
in the development of Long Island's ground-water resources.
Additional studies are proposed to obtain more information on
problems already mentioned: effects of urbanization, contamination
by industrial and sanitary wastes, changes in water temperature
in areas of artificial recharge, and occurrence of hard water and
of water having high concentrations of iron, manganese, detergents,
or other undesirable chemical constituents. Additional research is
needed to permit predicting the location of zones containing water
of poor quality. Such research would include application of
geochemical concepts to interpretation of water analyses and
improvement in methods of determining water quality at different
depths in test holes by means of drill-stem tests and analysis of
water from cores.
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UPSTATE NEW YORK

Ground-water problems in upstate New York to date have been
severe in few places. The problems are the usual ones encountered
in an area where water is generally abundant but ground water is
locally scarce and, to meet large demands, must be sought by test
drilling in areas progressively more distant from points of need.
Ground-water contamination in populated areas also is a problem.
The overall problem is chiefly informational to obtain more detailed
information on the occurrence and availability of ground water to
enable water users to make the best possible choice in deciding on a
source of water. As time goes on, the need for information will
become greater, and the decisions on sources of water will become
more difficult as water demands outrun local sources and more
expensive water must be brought in from farther away.
So far as modest demands for public and industrial water are
concerned there is no reason to anticipate, within the next few
decades, difficulties that will be beyond the capacity of communities
and industries to solve, with appropriate assistance from the State
Water Kesources Commission in the form of hydrologic information
and planning aids.
Upstate New York is not lacking in potential water problems,
however. These include control of flooding and drainage of agricultural lands and provision of supplementary irrigation water for
the more intensive agriculture of the future, water for-expanding
industry, and water for the public supply.of growing upstate cities
and for export to the New York metropolitan area.
Problems of flooding and drainage of agricultural lands, though
severe in some areas and at some times, are being attacked through
both individual and joint action under existing State and Federal
- programs-and* seem to be on the way to solution (State Officials,
^ 1960, p. 256-^57). Provision of water for supplemental irrigation
©ffers 'more of a~ problem. Exploitation of readily available sources
.of water* for this purpose is already nearing the limit, according to
the State. <The expected substantial future expansion of irrigation
will require storage of surface water for use in dry periods and will
-. necessarily involve group efforts assisted by the State and Federal
governments. Modifications of existing State laws in addition to the
general provision in the 1959 water-resources act relating to agricultural water may be required to enable consumptive use of irrigation
water on nonriparian land and diversion of water from one basin
to another (idem, p. 257).
The State has a substantial asset in its canal system. The canals
were built early in the 19th century for transportation and largely
fell into disuse as a result of competition from the railroads. The
. State has acquired the main canal and has rehabilitated it, under the
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name State Barge Canal, so that it is again in use for transportation. At present consideration is being given to transfer of the
canal to the Federal Government for development as an inland waterway. At the same time, it is worthwhile to consider the canal as a
potential source for water supply. Streams draining nearly twofifths of the State's area are tied in with the canal (idem, p. 258).
Therefore, the canal offers a means, already in existence, of transporting water for long distances to meet future large demands.
About 50 to 60 mgd is now used in operation of the canal system,
but this is only a small fraction of the billions of gallons per day
that could be handled through the canal in a comprehensive, coordinated development. Construction of additional storage reservoirs
and reconstruction of stretches of the canal would be necessary, but
at least the major conduit already exists. Pollution of the canal
water is a factor to be considered in any future use for water supply.
Of course pollution must be considered in relation to recreational
uses also.
CONCLUSION

Since the 1830's when New York City abandoned the laissez
faire system of obtaining its water and undertook construction of
the Croton Reservoir and aqueduct, the State has come a long way
in developing the hydrologic, engineering, and social approach
needed to assure itself that its water supplies will always be adequate. New York City's program, the latest phase of which is construction of the Cannonsville Reservoir in the headwaters of the
Delaware River, has involved years of study and litigation and two
decisions of the United States Supreme Court, yet according to
Martin (1960, p. 144 145) it still gives assurance of adequate water
only until 1980 or a little beyond. (But see National Association
of Manufacturers, 1961?, p. 12. The cited article says that 20 reservoirs and 6 control lakes "presently provide a capacity adequate to
cover anticipated needs to the year 2000.")
That New York City will still face water problems in the future,
in spite of the great amount of effort and money that has been
expended in the past, epitomizes the problems that the city and the
State will have to meet when 1980 has come and gone and the demand
for water continues to grow. Nevertheless, the situation is promising
because the State has the water, and the people now have the
necessary awareness of what they must do.
NORTH CAROLINA

Large water resources and substantial water use; no critical water problems
but effects of droughts and pollution on surface-water supplies are receiving
increasing attention. Precipitation about 40 to 78 inches and averages about
49 inches. Runoff about 10 to 40 inches and averages about 16 inches for total
of 40 bgd. State receives water from outside principally in Roanoke River,
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which brings in about 5 bgd of which North Carolina contributes a little more
than 1 bgd in Dan Diver and smaller streams. State discharges water to east
coast principally in Roanoke, Neuse, and Cape Fear Rivers but discharges
even more into .South Carolina and Tennessee in Pee Dee. Catawba, Broad,
Little Tennessee, and French Broad Rivers and smaller streams.
Ground-water resources largest in Coastal Plain in eastern part of State;
substantial in Piedmont; somewhat smaller in Mountain area (Blue Ridge).
Alluvium along large streams is a potential source in both Piedmont and
Mountains.
Estimated water use in 1960 about 2.700 mgd, 170 mgd fresh ground water
and 2,500 mgd fresh and 30 mgd saline surface water; included 30 mgd
ground water and 260 mgd surface water for public supply, 100 mgd ground
water and 10 mgd surface water for rural use, 35 mgd ground water and
about 2,200 mgd surface water for industry of which 2,000 mgd fresh and 30
mgd saline surface water was used for public-utility fuel-electric power, and
5 mgd ground water and 20 mgd surface water for irrigation. Hydropower
use about 50 bgd.
Chief needs identified by State are for additional surface storage capacity
in droughts; delineation of salt-water intrusion in coastal stretches of streams
and recognition of potential intrusion in aquifers; ground-water data to avoid
waste inherent in uninformed drilling; pollution controls on streams; and
flood control. Low flow in streams totals about 7 bgd in average year and
perhaps 3 bgd in extremely dry years. Water demands expected to increase
by 1980 to more than 1 bgd for public supply and something approaching 1 bgd
for irrigation. Industrial iise not projected but also expected to increase
substantially. Additional storage of surface water plus greater development
of ground water should provide ample water to meet anticipated needs.

North Carolina is an East Coast State of large water supply and
of substantial and growing water demands, to meet which additional
surface-water storage and ground-water development will be necessary. The State lies mostly in the Coastal Plain and Piedmont
physiographic provinces. A belt two to three counties wide along
the west edge lies in the Blue Ridge province (called the "Mountain
province," or "Mountain area," in the State) and includes part of
the Great Smokies, the highest mountains in the eastern United
States.
The Coastal Plain makes up about the eastern 45 percent of the
State. It is underlain by a generally eastward-thickening wedge of
unconsolidated sand, clay, marl, and limestone reaching a maximum
thickness of about 10,000 feet at Cape Hatteras. Included strata of
water-bearing sand and limestone form productive aquifers whose
total supply is large and is developed on only a small scale so far.
The'Piedmont province makes up about the middle two-fifths of
the State. It is-underlain by northeastward-striking belts of crystalline rocks of Precambrian and Paleozoic(?) age, largely gneiss,
schist, tuff, argillite, and granite. In. the eastern part are belts of
sandstone, shale, and conglomerate of Triassic age. The; rocks of the
Piedmont yield small to generally moderate and locally large supplies of water to wells.
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The Mountain province is formed by similar rocks which in general are less fractured than those of the Piedmont and are not as
good as water bearers. The valleys of the larger streams in the
Mountain province, as well as in the Piedmont province, contain
thin to moderately thick alluvium which locally may yield moderate
to large supplies of water by induced infiltration.
The annual precipitation is least, about 40 inches, along the northern part of the western boundary, where the mountains are low and
there is some "rain shadow" effect from the higher mountains to the
south. It rises to about 78 inches in the highest mountains in the
State. East of the Mountain province it declines to about 44 to 46
inches in the middle of the State; then it rises again eastward toward
the coast and is about 52 or 53 inches in the general area of Cape
Lookout and Cape Hatteras. It averages 49 inches in the State
(State Officials, 1960, p. 260).
The runoff is least in the eastern part of the Coastal Plain, where
much water is discharged by evapotranspiration or flows underground beneath the coast and so does not show up in the streams;
also, a great deal of water enters the streams in the tidal stretches
below the lowest gages. The measured runoff in the Coastal Plain
is generally below 15 inches and is 10 inches or less in the southeast
corner of the State. It rises westward to about 15 inches in the
middle of the Piedmont. It is generally 20 to 50 inches and locally
as much as 55 inches in the Mountain province. It averages about 16
inches in the State, for a total of about 40 bgd, a very substantial
supply exceeded by that of few other Eastern States.
North Carolina receives a large supply of water from outside in
only one stream, the Roanoke River. That river brings in about
5 bgd from Virginia (U.S. Geol. Survey, 1960b, p. 62-63), but of
that amount North Carolina furnishes a little more than 1 bgd in
the Dan River, which originates in North Carolina and flows northeastward to the Roanoke River in Virginia, and in smaller tributaries of the Roanoke. The Roanoke discharges into Albemarle
Sound and the Neuse River discharges into Pamlico Sound. The
Cape Fear River discharges into the Atlantic at Cape Fear. These
three rivers are the largest discharging to the east coast of the State.
Other principal streams flow southward into South Carolina from
east to west the Waccamaw, Pee Dee, Catawba, and Broad Rivers;
or westward into Tennessee from south to north the Hiwassee,
Little Tennessee, and French Broad Rivers.
Water use is substantial and growing. In 1960 it totaled about
2,700 mgd, of which only about 30 mgd was saline surface water
used in public-utility fuel-electric power generation. Ground-water
use totaled about 170 mgd, 30 for public and 100 for rural supply,
671316 O 63
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35 for industry, and 5 for irrigation. Use of fresh surface water
totaled about 2,500 mgd, 260 for public and 10 for rural supply, 2,200
for industry of which 2,000 was used for public-utility fuel-electric
power, and 20 for irrigation. About 50 bgd of streamflow went
through hydropower plants; this amount was equivalent to more
than the total streamflow but was much less than that in East Coast
States of more intensive hydropower development, such as New York
and Maine. The State (State Officials, 1960, p. 262) expects publicsupply demand to increase by more than 100 percent by 1970 and
irrigation use to be 660 mgd by 1975. Industrial use is increasing
rapidly, but data were not available for a reliable projection.
GROUND-WATER STUDIES

In the early 1900's a cooperative study of the geology and water
resources of the Coastal Plain was made by the U.S. Geological
Survey and the North Carolina Geologic and Economic Survey. The
substantial report of the investigation, by Clark and others, was
published by the State in 1912. In 1932-34 the Federal Survey made
a study of ground water in the Elizabeth City area in Camden and
Pasquotank Counties in northeastern North Carolina, in cooperation
with the Division of Water Resources and Engineering of the State
Department of Conservation and Development. The results of the
study were published in reports by Lohman (1934, 1936). In 1941
a Statewide study was begun in cooperation with the Division of
Mineral Eesources of the Department of Conservation and Development, which had succeeded the State Geologic and Economic Survey.
Among the products of the studies that began in 1941 were followup
reports on the Elizabeth City area by Mundorff (1947c) and LeGrand
and Siple (1951). In 1959 the Department of Water Resources was
created and assumed the water-resources functions of the Department of Conservation and Development and other State agencies,
and the program was expanded substantially.
An early product of the cooperative studies that began in 1941
was a summary report on ground water in North Carolina (Mundorff,
1945a). In succeeding years several areas comprising groups of
counties in the Coastal Plain and Piedmont were covered in reconnaissance reports each of which was named after the principal city
in its area: Halifax area (Mundorff, 1946;, Edgecombe, Halifax,
Nash, Northampton, and Wilson Counties); Greensboro area
(Mundorff, 1948b; Alamance, Caswell, Forsyth, Guilford, Rockingham, and Stokes Counties); Charlotte area (LeGrand and
Mundorff, 1952; Cabarrus, Cleveland, Gaston, Lincoln, Mecklenberg, Polk, and Rutherford Counties; city of Charlotte and vicinity
covered in a later report by LeGrand and Broadhurst, 1955);
Statesville area (LeGrand, 1954; Alexander, Catawba, Davidson,
Davie, Iredell, and Rowan Counties); Greenville area (Brown,
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1959; Beaufort, Bertie, Chowan, Gates, Greene, Hertford, Martin,
and Pitt Counties) ; Willmingt on-New Bern area (LeGrand, 1960a;
Carteret, Craven, Duplin, Jones, Lenoir, New Hanover, Onslow, and
Fender Counties); Goldsboro area (Pusey, 1960; Johnston, Sampson, and Wayne Counties); and Fayetteville area (Schipf, 1961;
Cumberland, Harnett, Hoke, Lee, Montgomery, Moore, Richmond,
Robeson, and Scotland Counties). Thus 52 of North Carolina's 100
counties have been covered in reconnaissance reports of relatively
recent date.
No similar groups of counties in the Mountain province have been
covered in a published report, but a report by Mundorff (1950)
presents some information on the alluvial deposits along certain
streams, which are potential aquifers.
Currently, reconnaissance projects scheduled for completion in
1963 are underway in the remaining 48 counties in the State. Thus,
North Carolina will be among the first few States to be covered by
modern areal ground-water reports.
General reports and papers relating to the whole State include
those by Mundofff (1945a, b) and LeGrand (1956). The Coastal
Plain is described in a guidebook by LeGrand and Brown (1955),
and logs of selected wells in the Coastal Plain are described in
detail in reports by Mundorff (1944) and Brown (1958b). The
tiny fossils known as Ostracoda, used in correlating the Coastal
Plain formations penetrated in the wells described in the 1958 report
by Brown, are described in a 1957 report by the same author.
Several papers describe interesting aspects of geochemistry. The
chemical character of water in the igneous and metamorphic rocks
of the Piedmont is described by LeGrand (1958). LeGrand (1952b)
observed solution depressions in diorite, a granitelike rock, which
are unexpected in rocks of this type though they are common in
limestone terrane. The same author (1955) observed an occurdence of brackish water in the Coastal Plain which suggested the
presence of structurally uplifted strata of possible interest for oil
and gas a good example of how information gathered in a groundwater study may prove to be of value in fields that seemingly have
nothing to do with ground water. Similarly, Brown (1958a), in a
study in Beaufort County, recognized the occurrence of phosphatebearing sands that may prove to be a valuable economic resource.
Wyrick and Floyd (1961), in a study in Martin County, devised a
method of recording water-level measurements in aquifer tests that
may prove to be widely useful in other areas where the hydrologic
conditions require that numerous accurate measurements be made
in the first seconds of a test before the effect of hydrologic barriers
in the aquifer becomes felt.
Specific areas covered in studies not mentioned so far include
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Wilmington and vicinity, covered in a brief wartime report by
Thompson (1941), and certain seashore areas described by Brown
(1960) andKimrey (1960,1961).
Hydrologic data on the principal river basins of the State are
presented in reports which contain brief sections on ground water
as follows: Cape Fear River basin (Mundorff, 1947a), Neuse River
basin (Mundorff, 1947b), Yadkin-Pee Dee River basin (Mundorff,
1948a), Catawba and Broad River basins (Mundorff and LeGrand,
1949), French Broad River basin (LeGrand, 1950), Roanoke and
Tar River basins (LeGrand, 1952a), and Little Tennessee and
Hiwassee River basins (LeGrand, 1953b). The reports on the
Neuse and Yadkin-Pee Dee River basins were later published as
water-supply papers of the U.S. Geological Survey (Billingsley,
Fish, and Schipf, 1957; Fish, LeGrand, and Billingsley, 1957).
Reports of the data-presentation and planning type incorporating
some of the data from earlier basin reports are introduced in a
report by B. C. Snow (1955a), and such reports prepared under
his direction have been published for the Neuse, Broad and Catawba,
and Cape Fear River basins (Snow, 1955b, 1958a, b).
Four-year detailed studies are being undertaken in certain counties
where the extent of ground-water development or other conditions
warrant. Currently, these include Chowan, Martin, and Craven
Counties in the northeastern and central parts of the Coastal Plain.
Additional studies of the alluvial deposits in the Mountain and
Piedmont provinces are underway. The reconnaissance described
in the report by Mundorff (1950) produced only very sketchy information on these potentially important aquifers. Currently, investigations of alluvial deposits in 18 counties in the Mountain province
and 13 counties in the Piedmont are underway. Data on the thickness and composition of the deposits are being obtained by drilling
and geophysical methods.
Accurate location of the fresh water-salt water interface will be
prerequisite to development of substantial ground-water supplies
in some coastal areas. This prerequisite will be met by current and
future detailed studies of counties.
Current and future geochemical studies will supplement stratigraphic and aquifer-testing techniques in outlining the distribution
and hydraulics of aquifers that cross stratigraphic boundaries,
especially in the Coastal Plain. Geochemical methods are being
utilized in mapping the most productive bodies of crystalline rocks
in the Piedmont. (See LeGrand, 1958). The value of topographic
and other criteria in selection of sites for wells in crystalline-rock
areas, demonstrated in the reconnaissance studies in the Piedmont,
has been discussed previously (p. 58).
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The observation-well program has been expanded recently in
order that it may yield information of regional significance on
ground-water recharge and movement. Currently, observation wells
an.d springs average about 9 per county for a total of about 900 in
the State.
GROUND-WATER RESOURCES

North Carolina's ground-water resources are very large and are
now developed on only a modest scale. The 1960 pumpage of about
170 mgd represented only a small fraction of the potential. The
Coastal Plain is the most productive of the three provinces, but
the Piedmont also is rather productive perhaps substantially above
the average for the whole area of extent of that province between
Alabama and New York.
A good general idea of ground-water availablity throughout
North Carolina can be obtained from maps included in reports by
Mundorff (1954a, pi. 1) and LeGrand (1956, fig. 4). The following
descriptions are based largely on those maps and the accompanying
texts.
COASTAL PLAIN PROVINCE

The Coastal Plain is the most productive ground-water province.
It can be divided into 5 large areas of 4 types from one to another
of which the water-bearing rocks and the availability of ground
water differ.
At the west edge is a belt 1 or 2 counties wide east of the Fall
Line. The belt extends generally southwestward from Northampton
County on the north to Cumberland County, then swings westward
to take in southeastern Moore County and then southward to the
South Carolina line in Scotland and Richmond Counties. The
Coastal Plain strata, consisting of lenticular beds of sand and clay
of Cretaceous age, are thin and, in the western part of the belt,
elevated and dissected, and they are not very productive. Beneath
them are phyllites and other thinly foliated rocks of the bedrock,
exposed in the Piedmont to the west as well as in the deeper valleys
within the belt itself. Well yields from both Coastal Plain strata
and bedrock are generally small and rarely exceed 50 gpm. The
water is generally soft but may be high in iron and somewhat
corrosive.
.To the east is a broad belt 2 to 4 counties wide extending
southwestward from Hertford and Gates Counties to Pitt and
Green Counties and then broadening somewhat to extend to the
South Carolina line in Scotland, Robeson, and Columbus Counties.
The aquifers, consisting of sand, are similar to those in the western
belt but are thicker and more productive. They are of Cretaceous
and, in the easternmost part of the belt, Tertiary age. They commonly
yield 300 to 700 gpm to properly constructed wells and in many
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places doubtless would yield 1,000 gpm or more. The water is
generally soft and of good overall quality. Salt-wTater encroachment
is a threat only in the easternmost part of the belt.
The third, or east-central, area extends from southeast ernmost
Bertie, eastern Martin, and Beaufort Counties on the north through
Onslow and eastern Fender and northeastern New Hanover Counties
on the south. The aquifers are of Tertiary age and are chiefly
limestone, though sand beds are of some importance. The water is
generally hard and locally is high in iron. Wells are generally
productive, commonly yielding 300 gpm or more and having specific
capacities of 10 to 60 gpm per foot of drawdown. The limestone
rocks being so permeable, salt-water encroachment from the coast
or from depth is a possibility where wells are located too close
together, drilled too deep, or pumped too heavily. The area is cut
by estuaries the largest of which extend nearly to the west edge of
the area, so that it is not only along the east edge of the area that
salt-water encroachment must be guarded against. Where wells
are distant from salt water, are adequately spaced, and do not extend
so deep as to penetrate saline aquifers, very large quantities of
water can be pumped.
The two remaining areas are the northern and southern parts of
the coastal belt. The northern area extends from Currituck, Camden,
Pasquotank, and eastern Gates Counties on the Virginia line to
eastern Washington and Tyrrell, Dare, and Hyde Counties between
Albemarle and Pamlico Sounds on the south. The southern area
takes in all of Brunswick County and parts of New Hanover,
Fender, Bladen, and Columbus Counties. The aquifers are principally sand and their fresh-water sections generally do not extend
very deep 100 to 500 feet. The aquifers at greater depth contain
saline water. Wells generally yield 50 to 500 gpm. Salt-water
encroachment from the coast or from depth is a possibility where
wells are pumped too heavily, but, where developments are undertaken with proper caution, large supplies are available.
DATA AVAILABLE AND NEEDED

In addition to the general descriptive information given in the
reports cited in the section on Ground-water studies, the data
available for the Coastal Plain include a reconnaissance map of the
surface geology, descriptions of cuttings from 268 wells, geophysical logs of 60 wells, periodic measurements of water levels in 300
observation wells, and partial or comprehensive chemical analyses
of water from about 2,000 wells. The present State cooperative
program is directed toward obtaining additional basic data and
interpretative information that would include descriptions of cuttings
from 4,000 to 5,000 wells; aquifer-test data and geophysical logs
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for about 1,500 wells; periodic water-level measurements in 600
observation wells; subsurface geologic maps showing the composition, extent and thickness, and boundary characteristics of the
aquifers; data on rates of recharge and natural discharge of ground
water and three-dimensional ground-water flow patterns; data on
relation of aquifers to surface bodies of water; chemical analyses
for 8,000 wells; and information on areas, types, and causes of
salt-water encroachment.
PIEDMONT PROVINCE

The Piedmont lies in the middle of the State and makes up about
two-fifths of the State's area. It is a fairly productive groundwater province and as of 1960 exceeded the Coastal Plain in groundwater pumpage. It is heavily populated and intensively farmed and
contains most of the State's larger cities and industries. The rocks
of the Piedmont are moderately productive almost everywhere and
yield enough water for domestic and stock use and in many places
for small cities and industries. The average yield of wells is less
that 50 gpm, but it reflects the large number of domestic wells
from which only a few gallons per minute is needed. Municipal
and industrial wells commonly yield up to 200 gpm and a few yield
more. Most wells are less than 300 feet deep, as the water-bearing
fractures in the rocks become fewer and smaller with depth.
Most of the rocks are foliated gneiss, schist, and phyllite. The
foliation reflects the shearing stresses to which the rocks were
subjected during the earth movements that created the Appalachian
-Mountains at the end of the Paleozoic Era. In addition to causing
the foliation, the earth movements cracked the rocks, creating sets
. of joints wrhich are spaced at intervals ranging from a fraction of
an inch to a foot or more. The joint cracks, and openings created
by weathering along the planes of foliation, are the chief water
bearers. The water is generally soft but locally may be moderately
hard to hard. Both the soft water and the hard water may be
locally high in iron.
Sandstone, shale, and conglomerate of Triassic age form two
prominent belts in the Piedmont. The larger one lies along the Fall
Line at the South Carolina line and then diverges westward from it
to run west of Raleigh into southern Granville County. The
smaller one runs southwestward from northern Rockingham County
to northernmost Forsyth County. The rocks yield water from
fractures and, in the sandstone, to some extent from pores. Wells
commonly yield only about 10 gpm and yields of more than 40
gpm are uncommon; a few wells yield as much as 100 gpm. The
water generally is moderately hard to hard and locally may be
high in iron.
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Alluvium along certain stretches of the larger streams and their
tributaries is a potentially important source of water (Mundorff,
1950). Field data and study of topographic maps have revealed
some of the most promising stretches for investigation; these are
shown on the map in the report cited and include stretches along
certain tributaries of the Catawba River running through Lenoir
in Galdwell County and Lincolnton in Lincoln County; of the
Yadkin in Iredell, Eowan, Davidson, Forsyth, and Cabarrus Counties; of the Haw (a tributary of the Cape Fear) in Guilford County
and the Cape Fear in Chatham and Wake Counties; of the Neuse in
Wake and Johnston Counties; and of the Lumber (a tributary of
the Little Pee Dee) in the vicinity of the junction of Moore,
Richmond, Scotland, and Hoke Counties.
DATA AVAILABLE AND NEEDED

Available data include a reconnaissance map of the surface
geology, general information on the major characteristics of the
ground-water reservoir in an area of about 5,000 square miles,
periodic measurements of water levels in 250 observation wells,
and partial or more comprehensive chemical analyses of water from
about 1,100 wells. The present cooperative program is aimed toward
obtaining water-level measurements in 500 to 600 observation wells,
subsurface geologic maps based on examination of cuttings from
a large number of wells and on geophysical logs of at least a few
hundred wells, data from aquifer tests to determine local and
regional hydraulic characteristics of the rocks, information on
recharge and natural discharge and on patterns of flow (flow is
generally local, from uplands to the nearest streams, rather than
regional), information on relation of ground water to surface
water, and chemical analyses of water from 3,500 wells. In addition,
field studies are being made to locate and evaluate the best alluvial
aquifers along the streams.
MOUNTAIN PROVINCE

The Mountain province covers the westernmost part of the State,
about 6,000 square miles. The rocks are of the same general types
as those in the Piedmont but are less productive as aquifers. The
elevation of the mountains may indicate that the rocks are harder,
denser, and more resistant to erosion than those of the Piedmont.
These characteristics would mean fewer water-bearing openings and,
along with the relatively high elevation and greater opportunity for
drainage, would explain the relatively low ground-water productivity. It is likely, however, that the elevation of the mountains is
due more to earth movements and to greater distance to the sea
than to greater hardness of the rocks. The paucity of fractures can
be explained simply by rapid erosion and removal of weathered
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rock, contrasting with the slow weathering in place that has produced a thick mantle of "saprolite," or "residuum," above the
unweatherecl rocks in the lower, flatter Piedmont.
In any event, the crevices in the rocks are fewer and shallower,
the slopes are steeper so that water tends to run off rather than
enter the crevices, and the water that does enter the crevices has
a better opportunity to drain out quickly. Hence, well yields are
generally small and may decrease during dry weather. Because of
the high and generally well-distributed rainfall, replenishment of
the water-bearing crevices occurs frequently enough that springs
are an important source of water. The flow of many of the springs
has persisted through the worst droughts on record, though it has
fallen off at such times.
The alluvial deposits along the principal streams are potential
aquifers (Mundorff, 1950). Study of topographic maps and some
field reconnaissance have revealed promising stretches along parts
of the main stems and larger tributaries of all the major streams;
these are shown on the maps in Mundorff's report.
DATA AVAILABLE AND NEEDED

Available data include a reconnaissance map of the surface
geology, general information on the characteristics of the groundwater reservoir in about 500 square miles, periodic measurements of
water levels in 165 observation wells, and partial or more comprehensive chemical analyses of water from about 350 wells and springs.
Current studies in the area, part of the cooperative ground-water
program, are directed toward obtaining data similar to those
obtained for the Piedmont province.
PROBLEMS, PROSPECTS, AND NEEDS

North Carolina's water supply is large and its problems,are not
critical. They relate mainly to surface water; at present there are
no critical problems of ground-water overdraft, salt-water encroachment, or other contamination.
The State in its presentation to the Senate Select Committee on
National Water Resources (State Officials, 1960, p. 260-265)
describes three problems related to surface water, all of which call
for additional surface-storage capacity. These are drought-induced
shortages of water, contamination (including salt-water intrusion
in coastal stretches), and floods.
The droughts of 1953 and 1954 are estimated to have cost
North Carolina about $50 million in loss of agricultural, industrial, and power production and in emergency measures to maintain
water supplies. In the first of those years 26 counties, and in the
second year 39 counties, were declared "drought emergency areas"
by the Federal Government. About one-seventh of the public water-
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supply systems in the State were affected by the drought: in the
Mountain province 14 surface-water and 2 ground-water systems,
in the Piedmont 17 surface-water and 5 ground-water systems, and
in the Coastal Plain area 2 surface-water and 4 ground-water
systems. Necessary steps have been taken to increase storage capacity
or develop auxiliary water supplies for the 44 public supplies affected
by drought in 1953 and 1954.
North Carolina ranked 12th among the 50 States in population
in 1960. The population grew by half a million and 12.2 percent
from 1950 to 1960, showing that North Carolina is one of the
growing States in which future water uses are bound to be much
greater than those of the present.
The large and growing population and the widespread and substantial industrialization of the Piedmont have combined to create
heavy pollution loads on the streams in dry weather, when, even
in normal years, the flow is only a fraction of the average flow.
The problems were severe enough to warrant the creation, by the
1951 General Assembly, of a permanent State Stream Sanitation
Committee in the State Board of Health. The Committee has
developed criteria for classifying streams as to their existing and
recommended pollution loads and has classified the streams in about
two-thirds of the State's basins the Yadkin, White Oak (North,
Newport, White Oak, and New [of the southeast] Kivers), Chowan,
Roanoke, French Broad, Cape Fear, and Neuse basins. Pollution
surveys of the other basins were expected to be completed and the
streams classified by the end of 1961. The Committee takes into
account both existing and desirable conditions in aiming at a reasonable classification. The Committee, since 1959 operating as a
division of the Department of Water Resources, has broad powers
to control pollution on classified streams and to require abatement
where necessary. Between 1953 and 1954, 134 pollution-abatement
projects were completed or started (State Officials, 1960, p. 263).
Effects of pollution originating largely in the Piedmont of course
extend into the Coastal Plain stretches of the streams. In addition
to sanitary and industrial wastes is sediment, also derived largely
from the Piedmont by erosion of the thick blanket of weathered
rock. In the coastal stretches of the streams, salt water encroaches
at high tide and during periods of low streamflow. Studies are
underway to determine the extent and fluctuation of the salt-water
tongues in the State's major coastal streams.
Floods are an increasing problem because of increasing occupation
of flood plains. Steps to control them include land treatment plus
flood-control measures such as channel clearing and installation of
levees and detention dams. Several projects of the Corps of Engineers are underway or completed. Among the principal ones affecting
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North Carolina is the completed John H. Kerr Reservoir on the
Roanoke River in Virginia 5 miles from the North Carolina line.
Construction of a flood-control reservoir on the upper Yadkin
River about 8 miles above Wilkesboro in Wilkes County is underway,
and a similar reservoir has been authorized for the Reddies River,
which enters the Yadkin at Wilkesboro. The Corps is studying the
Cape Fear and Neuse River basins, as well as some smaller areas
in the State.
Recreation, and conservation and exploitation of fish and wildlife,
require that streams, lakes, and reservoirs contain adequate quantities of water of suitable quality.
All these problems point to one answer additional surfacestorage facilities. The problem is basically economic. There is
no doubt as to the adequacy of North Carolina's average water
supply to meet present and prospective demands. Under present
conditions, however, storage facilities are inadequate, on the one
hand, to control floods and, on the other, to provide enough water
for all purposes, including public, industrial, and irrigation supply;
steam-power and hydropower generation; dilution of wastes; recreational uses and fish and wildlife; and salinity control. The problem
then becomes one of constructing the needed storage facilities, as
rapidly as possible and in the proper priority, and with appropriate
help from the Federal Government as requested by the State and
authorized by the Congress.
Water is now used for irrigation on only a small scale about 27
mgd in 1960 but the use is expected to increase to perhaps 660 mgd
by 1975 (State Officials, 1960, p. 262). No doubt a great deal of the
irrigation water needed in the Coastal Plain and perhaps a substantial part of that needed in the Piedmont can be obtained from wells.
Additional surface storage will be needed, however. In addition
to the physical problem of provision of adequate water is the legal
problem of legitimizing consumptive use of water on both riparian
and nonriparian lands if irrigation use of surface water is to be
substantial. This aspect is discussed by Ellis (1959, p. 215-223),
who concludes that neither the system of granting permits for irrigation authorized in 1951 nor the broad declaration of policy made
in 1955 (idem, p. 190) provides adequate legal protection for irrigators against claims for damage by riparian landowners affected
by irrigation withdrawals. Hence, additional legislation, perhaps
involving substantial modification of the prevailing riparian rule,
may be required to confirm rights to consumptive use and interbasin
diversion of surface water.
The principal ground-water problems mentioned by the State
(State Officials, 1960, p. 261) relate to potential salt-water encroachment and to the inadequacy of existing information on ground water
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as a basis for economical development and protection against saltwater encroachment, other contamination, and depletion. The
current and proposed ground-water studies will go far toward
providing the informational base needed for the large-scale
exploitation of ground water that seems inevitable.
NOBTH DAKOTA
Largely semiarid Plains State of moderate water resources and use but
relatively large potential water demand; Missouri River chief source of water
for future large-scale development. Precipitation from about 15 inches in
west to 22 inches in southeast and averages about 17 inches; large part falls
in growing season. Runoff from less than 0.25 inch in belt in middle of
State to about 1 inch along east edge and in one area in southwest. Averages
about 0.5 inch for total of about 1.7 bgd, lowest rate and third lowest total
in conterminous 48 States. State receives water from outside mainly in
Missouri River, which brings in about 15.000,000 acre-feet per year from
Montana and discharges about half a million more into South Dakota; Little
Missouri, which brings in about 250.000 acre-feet per year from South Dakota
and discharges about 430,000 acre-feet into Garrison Reservoir; and Red,
which increases in flow along east edge from about 390,000 to 2,000,000 acrefeet per year. Receives about 90,000 acre-feet per year from Canada in Souris
River and discharges about 160,000 back into Canada. James River, a
tributary of Missouri, originates in North Dakota and discharges about
50,000 acre-feet per year into South Dakota.
Ground water available in small to moderate and locally large amounts.
Potentially most important aquifers are in alluvium, including glacial outwash,
along part of Missouri River and in scattered areas in glaciated part of State
north and east of river. Water available also from Fort Union Formation
of Tertiary age and Hell Creek and Fox Hills Formations of Cretaceous age
in western three-fifths of State and from Dakota Sandstone and related strata
in most of eastern third. Much of water moderately mineralized to slightly
saline but used in absence of better water.
Water use in 1960 about 37 mgd fresh and 6 mgd saline ground water and
130 mgd fresh surface water. About half the fresh water, mostly surface
water, used for irrigation; rest used about five-sixths for public and rural
supply and one-sixth for industry.
Chief occupation is farming, which benefits from high proportion of precipitation that normally occurs in growing season but suffers severely in droughts.
Chief hope for stability in agriculture hangs on increasing irrigated area,
less than 100,000 acres in 1959, by about a million acres supplied from Garrison
Reservoir and half a million more supplied from other sources. Increased
surface storage will stabilize and enable diversification of farming and'stockraising and also will assure water supplies for municipalities and additional
industries, as well as provide for flood control, waste dilution, and recreation
and fish and wildlife.

North Dakota is a nearly flat, cool, largely semiarid State of
70,665 square miles in the northern Great Plains and Central Lowland physiographic provinces and in the Glaciated and Unglaciated
Central ground-water regions. It is a State whose water resources,
though substantial, are small in consideration of its large area
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and potential water- demand. The future prosperity of the State
depends on a substantial increase in economically available water
supply and in water use. The substantial and only partly evaluated
resources of ground water will do their share in contributing to
the increased supply.
The Missouri River traverses the State from the northwestern
to the south-central part. The northeastern and larger part of the
State was glaciated during the Pleistocene Epoch; the glacial
boundary runs generally parallel to and a few tens of miles southwest of the Missouri River, approaching the river where it leaves
the State and running closely along the river in South Dakota. The
southwestern half of North Dakota is in the unglaciated and glaciated Missouri Plateau sections of the Great Plains province; the
northeastern half is a lower, flatter area which is a part of the
Western lake section of the Central Lowland province.
The State is underlain by sedimentary rocks of Late Cretaceous
and early Tertiary age which dip generally westward into the Williston basin. Locally in the extreme eastern part of the State, rocks
of Paleozoic and Precambrian age come to the surface of , the
bedrock beneath the glacial drift and lake deposits of the Lake
Agassiz plain.
The Cretaceous and Tertiary rocks consist largely of shale and
fine-grained sandstone, and similar rocks to the north were the
source of the materials picked up and dumped by or washed out
from the continental glaciers of the Pleistocene Epoch. Hence,
both the drift and bedrock are largely fine grained and not highly
permeable. Along parts of the Missouri River and in local areas
elsewhere in the glaciated part of the State, relatively coarse glacial
out-wash is present; most of these deposits are imperfectly known
because they are masked by fine-grained drift or lake deposits.
The climate is generally semiarid. Only along the east edge of
the State and in the southeast corner does the precipitation rise into
(he sub-humid range, above 20 inches. The average annual precipitation is as little as 15 inches along the west edge of the State and
increases generally eastward to about 20 inches along the east edge
and 21 or 22 inches in the southeast corner; the average for the State
is about 17 inches. Generally, about three-quarters of the annual
precipitation occurs during the growing season. The winter precipitation is largely stored in the form of snow, and a substantial part
of it enters the soil during the spring thaw. In years of normal or
above-normal precipitation, the amount and distribution of precipitation and the cool climate combine to make the water supply adequate
for dry farming of wheat and other crops having a similar wrater
requirement. In dry years, however, the precipitation is inadequate
for crop growth, and it is this uncertainty as to rainfall, water
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supply, and success in growing crops that has plagued the economy
of North Dakota in the past.
The combination of light precipitation, much of it occuring in
the growing season, and of a flat surface leads to loss of a high proportion of the precipitation by evapotranspiration. According to
computations made in 1951 by C. H. Hardison of the U.S. Geological Survey (unpublished data) from the runoff contours of Langbein and others (1949) reproduced in plate 1, the average runoff
is only half an inch the lowest rate in the conterminous States.
Even Nevada, the driest State, has about 0.6 inch of runoff according to the same computations. The range in North Dakota is from
less than a quarter of an inch, in a southeastward-trending belt about
50 miles wide a little northeast of the Missouri River, to about an
inch along the east edge of the State and in an area of a couple of
thousand square miles in the southwestern part of the State (pi. 1).
The total runoff, 0.5 inch over some 70,000 square miles, averages
about 1.7 bgd, smaller than that in any other States except relatively tiny Delaware and Rhode Island. Furthermore, the runoff
occurs largely during the spring snowmelt, and must be stored to be
available later in the year.
A number of ephemeral or intermittent streams drain into ponds
or small lakes. Many of the ponds, which are commonly referred to
as "potholes," contain water throughout the year. They constitute a
source of stored water in a broad belt running southeastward through
the central part of the State. The potholes are used for watering
stock and locally for other purposes. Also, they provide a habitat
for large numbers of wildfowl.
North Dakota receives water from outside principally in the
Missouri River and to a lesser extent in the Little Missouri, Souris,
Pembina, and Red Rivers. The Missouri in 1928-57 brought in
about 14,900,000 acre-feet per year (as measured near Williston,
N. Dak.) from Montana and discharged about 15,380,000 acre-feet
(as measured near Bismarck) into South Dakota (U.S. Geol. Survey,
1960b, p. 65). The Little Missouri in 1934-57 brought in about 250,000
acre-feet per year from South Dakota; the water, after a net addition of about 180,000 acre-feet in North Dakota, discharged into the
Missouri. The Souris in about the same period brought in about
90,000 acre-feet per year from Canada and discharged about 160,000
back into Canada.
The Red River in 1943-57 flowed about 390,000 acre-feet per year
at Wahpeton, near the southeast corner of the State. The flow,
augmented by runoff in North Dakota and Minnesota, increased to
about 2,000,000 acre-feet per year, as measured in 1912-57 just across
the Canadian boundary at Emerson, Manitoba.
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The James River heads in east-central North Dakota and in
1950-57 discharged about 50,000 acre-feet per year into South
Dakota. The North Fork Grand River, another tributary of the
Missouri, heads in southwestern North Dakota and in 1945-57 discharged about 29,000 acre-feet per year into South Dakota. The
five streams named Missouri, Souris, Red, James, and North Fork
Grand are the principal outlets for runoff received by or generated
in North Dakota.
Water use in North Dakota is modest because of both the limited
supply and the small population. In 1960 only about 37 mgd
of fresh and 6 mgd of saline ground water and 130 mgd of fresh
surface water was used. Uses included 14 mgd of ground water and
19 mgd of surface water for public supply, 17 mgd of ground water
and 21 mgd of surface water for jural supply, 4.6 mgd of fresh
and 6 mgd of saline ground water and 8.4 mgd of fresh surface
water for industry, and about 1.5 mgd of ground water and 84 mgd
of surface water for irrigation. An additional 28 mgd, mostly
surface water, was accounted for by conveyance losses between
points of diversion and points of delivery to irrigated cropland.
About 7.7 bgd of surface water went through hydropower plants,
mostly on the Missouri River.
GROUND-WATER STUDIES

General and some specific information on artesian water in
southeastern North Dakota, east of Bismarck and south of Jamestown, is found in an old report by Darton (1896a). A classical
report published in the same year (Upham, 1896) describes the
geology of eastern North Dakota and the history and deposits of
glacial Lake Agassiz, whose flat plain is drained by the Red River.
A later report (Meinzer and Hard, 1925) discusses the artesian
water of the Dakota Sandstone, with special reference to the Edgeley
quadrangle, south of Jamestown, which was selected as typical of the
region in which the artesian basin formed by the Dakota Sandstone
was developed for water supply. The study was brought up to date
to 1938 by Wenzel and Sand (1942), whose report covers the area as
far north as Jamestown. General geologic studies which provided
some information on ground water in the Edgeley quadrangle and
the La Moure quadrangle just to the. east are described in a report
by Hard (1929).
The principal general reference on ground water in North Dakota
is a report by Simpson (1929), which describes the geology and
ground water of the whole State.
Ground-water supplies and damsites in the James and Sheyenne
River basins in eastern North and South Dakota are described by
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Sayre (1936). The geology and ground-water resources of the
Emerado quadrangle, in central Grand Forks County, are described
by Laird (1944). A brief report by Kasmussen (1945) describes
areas in the State worthy of investigation for possible irrigation
with ground water.
Ground-water studies in North Dakota were accelerated at the
end of World War II when studies were begun by the U.S. Geological Survey in cooperation with the North Dakota Water Conservation Commission and the North Dakota Geological Survey and
when the Missouri Basin program of the Department of the Interior
was activated.
The program in cooperation with the State agencies has been
evoted largely to the critical problem of locating ground water that
could be feasibly developed for public supply in small communities
having limited financial resources. The areas covered to date, in
reports called "North Dakota Ground-Water Studies," are listed
below, by counties and areas.
County
Adams. _ ___--__-____
Barnes ______________
Barnes and Stutsman_
Benson _____________

Area
Hettinger__
Litchville_ _
Sanborn_-___
Wimbledon __
Maddock-___

GroundWater
Studies No.

24
18
32
10
28

Minnewaukan.

19

Bottineau ___________
Bottineau and Renville.
Burke_______________

Westhope
Mohall_______

27

Powers Lake__

28

Cass ---------_-_____
Cass (and Clay
County, Minn.).
Cass and Richland____

Hunter_ _.__.___-.
Fargo (and Moorhead, Minn.).
Kindred_-_--__-_-

Dickey__-.____;._____

Oakes (glacial Lake
Dakota).
Northwood-_______
Streeter_ __________

Grand Forks.._______
Kidder._____________

17

28
i 11
14

Author (s) and year
Robinove, 1956.
Akin, 1952.
Huxel, 1961.
Dennis, 1948b.
Brookhart and
Powell, 1961.
AronOw and others,
1953a.
Powell, 1959.
Akin, 1951b.
Brookhart and
Powell, 1961.
Do.
Dennis and others,
1949.
Dennis and others,
1950.
Rasmussen, 1947.

34 Jensen, 1961a.
(See Stutsman, Logan, and
Kidder Counties.)

Do
Logan and Mclntosh_ _
Logan and Stutsman_ _
McHenry _________

Lehr. _ _
Gackle.
Drake_.
Upham.

38
33
31
26

Adolphson, 1962a.
Adolphson, 1961b.
Adolphson, 1961a.
Paulson and Powell,
1957.

Misprinted on cover and title pages as No. 10. shown also as Minnesota Ground-Water Studies No. 1.
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County
Mclntosh. ___________

McKenzie_ __________
Mercer __ ____________
Mountrail ___________

Nelson ______________
Pembina ____________
Renville_ ____________
Richland ____________

Are

Ashley.
Lehr__.
Zeeland _ _.
Alexander.
Beulah. _ _ ParshalL _ __-_.____
Stanley ___________
Tioga and Hofflund
Flat.
Aneta. ____________
Michigan City.
Mountain _
Neche__.__
Walhalla__
Mohall._ _ _
Fairmount_
HankinsonKindred-----________
Wyndmere.

Rolette_. ____________

Mylo_ _______

Stark_ ______________

Rolla-St. John
Dickinson_ _ _ _
Richardton___

Steele ______________

Hatton. ______

Stutsman. ___________

Hope ________
Sharon___-___
Gackle_ ______
Wimbledon_ _________

Stutsman, Logan,
and Kidder.

Streeter
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GroundWater
Studies No.

Buxton__
Portland .

5
15

Traill and Steele____._
Walsh_______________

Hatton______________
Minto-Forest River___

39
28

Ward. ______________
Wells_ ______________
Williams ____________
Williams and

Minot_____________
Fessenden. __________
Little Muddy Valley _ _
Tioga and Hofflund

6
1
36
43

Mountrail.
671316 O 63

Flat.
42

Author(s) and year

37 Randich, 1961.
(See Logan and Mclntosh
Counties.)
12 Laird, 1948.
35 Jensen, 1961b.
40 Bradley and Jensen,
1962.
41 Schmid, 1962.
23 Paulson, 1954.
(See Williams and Mountrail
Counties.)
7 Dennis, 1947b.
21 Aronow and others,
1953b.
2 Akin, 1946.
16 Paulson, 1951.
30 Adolphson, 1960.
(See Bottineau County.)
22 Paulson, 1953.
25 Powell, 1956.
(See Cass and Richland
Counties.)
13 Dennis and others,
1949.
28 Brookhart and
Powell, 1961.
28
Do.
3 McLaughlin, 1946c.
29 Powell and Paulson,
1961.
(See Traill and Steele
Counties.)
9 Dennis, 1948a.
8 Dennis, 1947c.
(See Logan and Stutsman
Counties.)
(See Barnes and Stutsman
Counties.)
20 Paulson, 1952.
Dennis, 1947a.
Dennis and Akin,
1950.
Adolphson, 1962b.
Brookhart and
Powell, 1961.
Akin, 1947.
Filaseta, 1946.
Schmid, 1961.
Paulson and
Powell, 1962.
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Several sizable areas have been studied under the Missouri basin
program. These include the Heart River irrigation project in
Morton and Grant Counties (Tychsen, 1950); the report of the
study includes a description of the Dickinson area in Stark County
to the west, covered also in North Dakota Ground-Water Studies
No. 3 (McLaughlin, 1946c). The Missouri-Souris project is covered
in three open-file reports, a report on the Medicine Lake-Grenora
area in the western part of the project in Montana and northwestern
North Dakota (Vorhis, 1949), a report on the major part of the
project in North Dakota (Crosby-Mohall-Minot area) (Waring and
LaRocque, 1947), and a detailed report on the northern, or CrosbyMohall, part of that area (Waring and LaRocque, 1949; see
LaRocque and others, 1962, for basic data.) Ground water in areas
proposed for irrigation by pumping from the Missouri River
between the Garrison Dam and Bismarck is described by Greenman
(1953). The Fort Berthold Indian Reservation, south of the Missouri
River and partly flooded by the Garrison Reservoir, is covered by
Dingman and Gordon (1954) in a report describing ground water
available for Indian villages relocated because of construction of
the reservoir. Similarly, water for villages in the Sheyenne River
and Standing Rock Indian Reservations in North and South Dakota,
relocated because of the construction of the Oahe Reservoir, is
described by Maclay (1952).
Problems involving the Devils Lake area in northeastern North
Dakota have led to several studies and reports. A brief report by
Akin (1951a) describes the availability of ground water for municipal supply at the city of Devils Lake. Devils Lake and nearby
lakes have been a subject of interest for decades, in view of the
persistent and puzzling decline of their levels between the 1860's and
1940, thought by some to be due to "breaking the sod" of the Great
Plains. The problem is considered by Swenson and Colby (1955),
who concluded that the fluctuations of the lakes are of climatic
origin. Aronow (1957), in support of this concept, describes evidence
of similar desiccations of the lakes in prehistoric times.
Robinove and others (1958) describe the occurrence of saline
water in North Dakota, as a contribution to the saline-waterconversion program of the Department of the Interior.
Benz and others (1961) describe the results of ground-water
studies in a saline area of the Red River valley in east-central Grand
Forks County.
GROUND-WATER RESOURCES

Known resources of ground water of good quality in North
Dakota, though substantial, are not abundant in comparison to
those in many other States, and they are unevenly distributed in
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the State. The State Water Conservation Commission has estimated
that the feasible perennial yield may be of the order of 250 mgd
(State Officials, 1960, p. 269). This figure doubtless could be
increased, and perhaps multiplied several times, by induced infiltration from the Missouri River in the stretch below the Garrison Dam,
but such an increase would be meaningless unless the water were
needed in the valley or could feasibly be pumped to where it was
needed. The total supply might be increased also by exploitation of
buried-valley aquifers in the glaciated area which have not yet been
discovered or whose supplies may sprove to be larger than can safely
be assumed on the basis of the meager available data. If these two
sources are discounted, the figure of 250 mgd may be a reasonable
approximation of the available supply. Small as it is for a State of
the size of North Dakota, the supply is substantial and is of great
present and even greater potential importance. The 43 mgd of
ground water used in 1960 represented nearly half the water used
in the State for withdrawal purposes other than irrigation. In
many places, especially in eastern North Dakota, ground water has
not been developed in needed quantities not because it is unavailable
but because to obtain it has been beyond the economic capabilities
of small communities. Development has been discouraged further
by the salinity of much of the ground water.
In 1960, 146 communities in North Dakota, mostly small ones,
used ground water for public supply. Only 7 had populations of
more than 5,000; the largest 2 were Minot (30,000) and Jamestown
(15,000). Of the 33 communities that installed public ground-water
systems in 1950-60, all but 3 had populations of less than 500. A
great many small communities have no public supplies; water is
obtained from privately owned wells.
WATER-BEARING FORMATIONS

The principal water-bearing formations of North Dakota are
alluvium of Quaternary age, including glacial outwash, and consolidated sedimentary rocks of Cretaceous and Tertiary age.
ALLUVIUM

Alluvium along present streams, partly deposits of Recent age
and partly glacial outwash of Pleistocene age, is of importance only
along the Missouri River and its major tributaries, including the
Little Missouri, Knife, Heart, Cannonball, and James Rivers; along
the Souris River; and along the Sheyenne River, a tributary of the
Red. Along the Red itself and along the minor tributaries of all the
other major streams the alluvium is thin, spotty, fine grained, or all
three, and the ground-water supply is small. Recharge is abundant
only along perennial stretches of the streams where infiltration can
be induced, and at present this means mainly the Missouri River.
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In the past all the other streams have had very low flow, or no
flow at all, during prolonged dry periods.
The term "alluvium" is defined here to include glacial outwash,
whether along present streams; in abandoned channels of glacial
drainage on, in, or under the main body of glacial drift; in irregular
sheets or lenses within the drift; or in channels of preglacial drainage beneath the drift. Included also for convenience are sandy
lake deposits, which are important in only a few areas, especially
that at the head of ancient Lake Dakota along the James River in
southeastern Dickey County (Rasmussen, 1947, p. 14-15).
The generally most productive deposits of alluvium are those
along the Missouri River between the Garrison Dam and a point
several miles above the mouth of the Cannonball River, which is at
the junction of Morton, Sioux, and Emmons Counties. Similar
deposits above the Garrison Dam are now flooded by the Garrison
Reservoir.
Other known areas in which moderate to large ground-water supplies may be available from sand and gravel, but in some of which the
water is not of suitable quality for certain uses, include the following: (1) the middle part of a buried valley which begins in McKenzie
County near Watford City and extends north-northeastward across
the Missouri River to near the Mountrail County line in east-central
Williams County; (2) a small area along Little Muddy Creek in
.northern Williams County; (3) small areas along the Souris River
in Ward County; (4) a buried valley trending southeastward from
north-central Wells County through southwestern Eddy County; (5)
a relatively large area taking in the junction of Eddy, Nelson, Ramsey, and Benson Counties; (6) a small area in the vicinity of Leyden
in northwestern Pembina County; (7) an area around and north of
Larimore in Grand Forks County; (8) a small area near Lisbon in
Ransom County, and (9) a larger* area near the eastern boundary
of Ransom County, especially between McLeod and the Sheyenne
River; (10) a small area north of Carrington in Foster County;
(11) a sizable area in the middle of Kidder County extending southsoutheastward to an area in the north-central part of Logan County
(southwest of Streeter) ; (12) an area surrounding Napoleon in
Logan County; (13) an area a few miles southeast of McKenzie in
Burleigh County; (14) an area at and south of Oakes at the head
of ancient Lake Dakota in Dickey County; (15) several areas adjacent to the James and Sheyenne Rivers in south-central North
Dakota; (16) the Maple River valley flowing-well area in western
Cass County; (17) the Fargo-Moorhead area in Cass County, N. Dak.,
and Clay Comity, Minn., and several other small scattered areas
throughout the northeastern two-thirds of North Dakota.
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Records of existing wells and logs of test holes indicate the presence of a number of buried preglacial or glacial channels containing
deposits of water-bearing sand and gravel. Some of these deposits
may yield moderately large supplies of ground water. Some of them
are included in the productive areas listed above. The locations of
the principal deposits known as of 1961 are approximately as follows: (1) running across northwestern Divide County from the Montana line about at the south line of T. 161 N. to the Saskatchewan
line approximately north of Colgan; (2) running south westward
and then southward from a point between Crosby and Ambrose in
north-central Divide County across Williams County through Williston across the Missouri River into McKenzie County; (3) in eastern McKenzie and Wililams Counties; (4) running southeastward
from northwestern Bottineau County to east-central McHenry
County and branching southwestward approximately along the
Souris River about to Velva; (5) in McLean County along the north
side of the Missouri River to Garrison and then curving northeastward almost to the Ward County line; (6) running eastward from
the Missouri River north of Stanton in southwestern McLean County
to the vicinity of Pickardville in Sheridan County; (7) running
eastward and northeastward from the Missouri southeast of Washburn in McLean County across northwesternmost Burleigh County
and Sheridan County into southwestern Pierce County; (8) in southern Burleigh County, running from near Bismarck northeastward,
eastward, southeastward, and then northeastward again into southwestern Kidder County southwest of Steele; (9) running northeastward from east-central Kidder County across northwestern Stutsman County to the vicinity of Vashti; (10) running southeastward
from north-central Wells County; and (11) running generally eastward from the vicinity of Minnewaukan in Benson County around
the north side of Devils Lake to the vicinity of Stump Lake in
western Nelson County.
The main body of the glacial drift ranges in thickness from 0 at
the glacial boundary southwest of the Missouri River to 500 feet
or more at places in the central and south-central parts of the State.
The drift is especially thin southwest of the Missouri River and for
several miles to the north and east. The known productive areas
have been mentioned. Similar ones probably remain to be discovered.
Elsewhere, the drift where more than a few tens of feet thick commonly will yield enough water for domestic use from thin beds or
lenses of sand. Where supplies not adequate for even domestic or
stock uses are not available from the drift, water for such uses is
generally available from bedrock below.
The water in sand and gravel is highly variable in composition,
but in general it is somewhat mineralized, a substantial part of it
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containing more than the 1,000 ppm of dissolved solids that marks
the bottom of the "slightly saline" range in one commonly used
classification (Eobinove and others, 1958, p. 3). Water from the
alluvium along the Missouri, Sheyenne, James, and Souris Rivers is
ordinarily suitable for most uses. That from alluvium along most
other streams is commonly so high in proportion of sodium to other
cations as to be unsuitable for irrigation, but it is used more or less
successfully for other purposes. Water from the sand and gravel
on, in, or beneath the glacial drift is ordinarily potable but in places
is affected by saline water from bedrock.
A few of the deposits of sand and gravel, in addition to those
along the larger streams, are more productive than usual. For
example, the sizable deposits in the middle of Kidder County, in
the Carrington area in Foster County, and in the area near the
junction of Benson, Eddy, and Nelson Counties may be capable of
yielding enough water for irrigation on a moderately large scale.
Some of the buried deposits are rather productive, but replenishment tends to be limited by the low permeability of the surrounding
drift. Accordingly, the perennial yields of most such deposits may
be moderate rather than large, even where the initial yields of
individual wells are high.
BEDROCK

Water-bearing bedrocks fall into two large groups. One includes
the .Lakota Formation and its Fuson Member, of Early Cretaceous
a-ge, and the Dakota Sandstone, of Late Cretaceous age. These or
correlative formations underlie all North Dakota except a strip 5
to 25 miles wide along the east edge, but they are at depths of 2,000
feet or less only in the area east of a line running from the Canadian
boundary at about 99°40' west longitude southeastward into westernmost Towner County, southwestward to about the 100th meridian
in east-central Pierce County, southeastward to about the 99th meridian in Stutsman County west of Jamestown, and southwestward to
about 99°45' at the South Dakota line in southwestern Mclntosh
County. This area can be considered the North Dakota part of the
famous Dakota artesian basin. Thousands of flowing wells were
drilled to the artesian sandstones in the early days, by an ingenious
jetting process which enabled drilling 11/4- or 1%-inch wells to
depths of 1,000 feet or more at small cost, to obtain reliable supplies
of water where the lake deposits or glacial drift yielded inadequate
or unreliable supplies. The artesian head has declined-greatly,-'and
most wells have ceased flowing or flow only a few gallons .per
minute.
The sandstones are not very permeable, and the high initial yield
of wells was due to high artesian head rather than to high permeability. The yield decreased persistently with the decline in head
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resulting from the drilling and unrestrained flow of thousands of
wells, and in large areas it is slowly approaching a rate close to
what must be the perennial yield. In a 16-township area along the
South Dakota line west of the Red River (T. 129 N., Rs. 50-65 W.),
one well, at Ellendale, was flowing 700 gpm in 1896. As more wells
were drilled, the total discharge increased and reached about 10,000
gpm at some time between 1905 and 1910. It then began to decrease
and by 1923 it had declined to about 1,000 gpm (Meinzer and Hard,
1925, p. 88-89). By 1938 it had decreased further to about 500 gpm
(Wenzel and Sand, 1942, p. 42-43). This gives an idea of the history
of the intensively utilized portion of the whole Dakota artesian
basin, as well as of the small perennial yield of what was regarded
as an inexhaustible aquifer when the first wells were drilled.
The other principal group of bedrock aquifers includes the Fox
Hills and Hell Creek Formations of Late Cretaceous age and the
Fort Union Formation and its Ludlow and Cannonball Members, of
Paleocene age. The oldest formation, the Fox Hills, crops out west
of the Missouri River in southeastern Morton and eastern Sioux
Counties. The younger strata crop out or lie beneath the drift in
belts successively eastward, northward, and westward from the Fox
Hills outcrop. All together these Upper Cretaceous and Paleocene
strata underlie the part of North Dakota west of a line running
from the Canadian border at about 99°40' west longitude southsouthwestward to the junction of McHenry, Pierce, and Sheridan
Counties and then south-southeastward to the South Dakota line
in Mclntosh County south of Ashley. They contain beds of sandstone and fractured lignite (low-grade coal) which yield small to
moderate supplies of water, mostly by pumping rather than natural
flow. Accordingly, the head has not declined as much as it has in
the Dakota artesian basin to the east.
Flowing-well areas in the western part of the State include a belt
along the Little Missouri River extending upstream from the Garrison Reservoir nearly to the South Dakota line; and an area, in which
glacial drift as well as Late Cretaceous and early Tertiary rocks is
water bearing, in the vicinity of Crosby.
Because the strata dip generally westward and northwestward,
they lie at successively greater depths in those directions, and in
much of north-central, northwestern, and western North Dakota they
are only locally important as aquifers, where the need justifies the
drilling of deep wells. Also, the sandstone and lignite beds are not
very permeable and, in general, probably yield less water than the
aquifers of the Dakota artesian basin.
The strip at the east edge of the State in which Cretaceous aquifers
are absent is about 25 miles wide in Pembina County, narrows to
10 to 15 miles in Grand Forks County, widens to perhaps 20 miles
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in Cass County, and then narrows to about 5 miles at the South
Dakota line. In this strip the Cretaceous is missing or is represented
by patches of nonwater-bearing clay lying on crystalline bedrock;
hence it is not an aquifer.
In the belt west of the line marking a depth of 2,000 feet to the
Dakota and east of the line described at the east edge of the western
group of aquifers, the Dakota is more than 2,000 feet deep and the
"western aquifers" are missing. Hence, the glacial drift is the only
economical source of ground water. Fortunately, this belt makes
up only a small part of the State; furthermore, it includes a few of
the known areas of productive sand and gravel aquifers in the
glacial drift.
All the bedrock aquifers yield water of variable quality, but in
general the water is moderately mineralized and in many places
it is slightly or even moderately saline. Much of it has a high
proportion of sodium and would not be suitable for irrigation,
but yields generally would not be sufficient for irrigation anyway.
PROBLEMS, PROSPECTS, AND NEEDS

The greatest declines in ground-water levels that have occurred
in North Dakota are those in wells in the Dakota artesian basin.
In the James Kiver valley in South Dakota there was a decline of
about 450 feet between 1890 and 1950, and comparable declines
probably have occurred in areas of closely spaced wells in North
Dakota. These declines, due to the discharge of flowing artesian
water, are largely in the past and are no longer a cause for serious
concern. Under State law (North Dakota Water Conservation Commission, 1945, p. 152-155), flowing wells must be equipped with a
control valve, and waste of water is prohibited. Where wells have
to be pumped to obtain desired quantities of water, additional
declines of course are possible and will need to be watched.
Water levels in the bedrock aquifers in the central and western
parts of the State have declined substantially in only a few places,
and nowhere to the extent that they have in the Dakota artesian
basin. In the north-central part of the State, water levels in the
Fort Union Formation have declined locally as a result not of
pumping but of loss of gas pressure in strata of lignite in the
formation.
Water levels in sand and gravel aquifers have declined in several
mreas^as a result of concentrated withdrawal. The decline is most
serious in the Fargo-Moorhead area, where it may indicate substantial overdraft on the aquifers. These are only moderately productive
but are pumped at a total rate of more than a million gallons per
day in the North Dakota part of the area and at an even higher
rate in the Minnesota part. Quantitative studies are needed to
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determine the perennial yield under present conditions and the possibilities of artificial recharge. Similar studies will be needed in a
progressively greater number of other areas in North Dakota as
ground-water development increases.
Ground water in some communities is polluted by effluent from
private domestic sewage systems. In most such communities the
only solution to the problem is to seek a ground-water supply some
distance away. Streams also are polluted by sanitary wastes, and
the problem is compounded by the paucity or even lack of flow in
all streams except the Missouri in dry periods.
North Dakota's future prospects depend largely on increased
storage and use of surface water, especially that of the Missouri
River, and on increasing the development of ground water. The
State has listed the principal reservoirs in which all or a part of
the stored water is available for use in North Dakota a total of
3,084,650 acre-feet per year (State Officials, 1960, p. 267, 269). The
largest is the Garrison Reservoir on the Missouri River in northwestern North Dakota (capacity 23,000,000 acre-feet), of whose
supply North Dakota has reserved 2,640,000 acre-feet per year for
use in the Garrison Diversion Unit. The next largest supply is
that of the Heart Butte Reservoir on the Heart River west of Bismarck, which has a flood-control capacity of 428,000 acre-feet and
a 75,500-acre-foot conservation pool. The State is counting on
70,000 acre-feet per year from the Baldhill Reservoir, on the Sheyenne River above Valley City, and on 30,000 from the Jamestown
Reservoir on the Janies River above Jamestown. Other planned or
potential sources include Lake Darling on the Souris River, the
Dickinson Reservoir on the Heart River, the Homme Reservoir on
the South Branch Park River, Lake Traverse at the southeast
corner of the State, and the Oahe Reservoir, which is to be formed
by the Oahe Dam now under construction on the Missouri in South
Dakota and whose backwater will extend into North Dakota.
With the 3 million-plus acre-feet per year from reservoirs now in
existence or under construction, plus water from proposed new
projects on other streams, the State hopes to see the 96,000 acres of
land irrigated in 1959 increase to 433,000 by 1980, 997,000 by 2000,
and 1,659,000 by 2025. A little more than 1,000,000 acres of the
additional area would be supplied from the Garrison Reservoir
(idem, p. 270).
Irrigation development is expected to expand the State's livestock
industry greatly. It will make possible the production of reliable
supplies of feed that can be used in a feeding program. Hogs and
sheep are expected to become important, in addition to beef and
dairy cattle.
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The dams necessary for increased agricultural water supplies
provide, or will provide, for needed flood control; municipal and
industrial water supplies; increased low flows for waste disposal and,
on the Missouri, for navigation in States of the lower basin; and
enhancement of recreation and fish and wildlife.
The increased low flows in streams made possible by storage of
surface water, as well as the irrigation of additional land with
surface water, will increase the ground-water supplies of aquifers
along the streams or beneath the irrigated lands. In some places the
increase will be beneficial; in others it may cause waterlogging and
require the installation of drains or other means of controlling the
rise of the water table.
In general the effect of increased low flow in streams will be to
improve the quality of surface water and adjacent ground water.
There is a proposal to divert Missouri River water to the Devils
Lake basin, to flush out the saline water in the lakes, and to maintain the lakes for recreational use. Flushing out the saline water
would cause temporary deterioration of the water in the Sheyenne
River, which would receive the overflow, and in the Red River
below the mouth of the Sheyenne. Afterward, the quality of the
water in those streams would tend to improve.
Increased use of ground water is largely a matter of economics.
Although the total ground-water resources are moderate rather than
large, they are much larger than the present use. Furthermore, as
proved by experience to date, detailed ground-water studies have
a. way of revealing the existence of previously unknown aquifers
within reasonable distances of points of need, and as the economy of
the State is stepped up under the Missouri basin development program it will become progressively more feasible to tap the aquifers
for various needs. One of the most significant developments is likely
to be an increase in irrigation with ground water, largely to supplement growing-season rainfall by a matter of a few inches to a foot
of water each year but locally on the same scale as surface-water
irrigation 2 or 3 acre-feet per year per acre. As pointed out by P.
D. Akin in a talk before the Natural Resources Conference at
North Dakota Agricultural College, Fargo, June 29, 1953, there are,
and are likely to be, not many wells that will yield 1,000 gpm or
more, but yields of 500 gpm may become commonplace. Even the
yields of 100 -to 200 gpm that would be even easier to obtain are
useful for supplementary irrigation with sprinklers. Eventually as
much as 50,000 to 100,000 acres in the State may be irrigated from
wells. In some places pumping from wells rather than installing
drainage ditches may be the most effective way of preventing waterlogging by surface water, and the ground water thus removed will
be available for irrigation of other tracts or for other uses.
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Industrial uses of ground water very likely will expand, especially
those related to the oil industry and to fuel-electric powerplants
utilizing the State's large reserves of lignite. Many of the water
needs of these industries can be met satisfactorily with saline water.
Many more food-processing plants are likely to be built in the State
if adequate supplies of water can be located for them. Development
of economical processes for converting saline water in large amounts
would multiply several fold the potential for ground-water development in the State.
Obviously, detailed ground-water studies are the only way to
determine whether ground water in needed quantities is available
within feasible distance of points of need. Artificial recharge is one
phase of ground-water studies that is likely to come in for increasing
attention. Many of the known aquifers and doubtless many of the
aquifers not yet located are rather permeable but are small in size
and limited in rate of replenishment by surrounding materials of
low permeability. As such aquifers are put to use, artificial recharge
may become necessary to maintain their supplies of water so as to
safeguard the economic enterprises based on use of their water. In
1960, so far as is known, artificial recharge was being practiced at
only one place in the State Valley City in Barnes County, where
Sheyenne River water was pumped into wells to replenish the aquifers
used for public supply.
Water is the key to North Dakota's future. The activated, authorized, or proposed projects under the Missouri basin program and
the prospects for increased ground-water development will lead to a
great increase in the economic base that now exists in North Dakota.
OHIO
Large water supply, heavily used; as in other Eastern and Midwestern
States of large and growing population and industry, problems mostly are
matters of economics or policy rather than physical availability of water.
Precipitation from about 30 inches in northwest to about 42 inches in southcentei ; averages about 37 or 38 inches. Runoff from less than 10 inches in
northwest to about 18 inches in extreme southeast; averages about 12 inches
for total of 24 bgd. State receives about 2 bgd from Indiana in Maumee and
Whitewater Rivers and has access to water in Lake Erie and Ohio River.
Ground water in glacial drift in glaciated northwestern two-thirds of State,
in ice-contact deposits along valleys within glaciated area and in outwash in
valleys both within and outside glacial border, and in bedrock especially in
western part. Supplies largest in glacial valley-train deposits along Ohio,
Miami and Little Miami, Scioto, Hocking, and Muskingum Rivers.
Water use heavy, especially for industry; in 1960 totaled about 12 bgd.
All water used was fresh. Included 790 mgd surface water and 230 mgd
ground water for public supply, 38 and 110 mgd for rural supply, 10,000 and
290 mgd for industrial use of which 8,100 and 18 mgd was used for publicutility fuel-electric power, and 5.9 and 2.6 mgd for irrigation; little use of
water for hydropower.
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"Water problems largely economic and institutional, relating to cost and
management of'developments, especially large-scale .multipurpose developments
needed in future. Water physically available to meet anticipated needs, but
repeated reuse necessary and will require greatly expanded efforts in waste
treatment and pollution control. General outlook favorable.

Ohio is a State of large population and industry and heavy water
demands. Its water supply is moderately large but not overgenerous
in consideration of the needs.
The. State is divided roughly in half by the generally southwestward-trending boundary between the Central Lowland physiographic
province on the west and the Appalachian Plateaus province on the
east. About the northwestern two-thirds was glaciated during the
Pleistocene Epoch. The southern part of the glacial boundary coincides roughly with the boundary between the two physiographic
provinces; in its northern part the glacial boundary coincides
approximately with the boundary between the Southern New York
and Kanawha sections of the Appalachian Plateaus.
The State is underlain by horizontal to gently dipping strata of
Paleozoic age. Near the west edge of the State is the northwardtrending Cincinnati structural arch, along which the strata are
nearly horizontal. The arch splits to the north, one arm (Kankakee
arch) passing northwestward into Indiana to form the boundary
between the Illinois and Michigan basins, the other (Findlay arch)
passing north-northeastward across the west end of Lake Erie to
. form the boundary between the Michigan basin and the gently eastward-dipping rocks of the western part of the Appalachian Plateaus.
The strata exposed at the land surface or lying at the bedrock surface beneath the glacial drift are largely shale of Ordovician age
in the southwestern half-dozen counties; limestone and dolomite
(carbonate rocks) of Silurian and Devonian age in the west-central
and northwestern parts of the State; and shale and sandstone of
Devonian, Mississippian, Pennsylvanian, and Permian age in the
eastern half. The Ordovician rocks are very poor water bearers,
the sandstones of Mississippian to Permian age are of low to mod.erate productiveness, and the carbonate rocks of Silurian and
Devonian age are moderately to highly productive.
The glacial drift is typical of that in the Midwest and Northeast
in general. It consists mainly of clayey till of low permeability but
includes, interbedded with or lying on the till, moderately to highly
productive sand and gravel. In the southern part and beyond the
southeast edge of the glaciated area are important "watercourses"
formed by glacial outwash along existing streams; from west to east
the principal ones are those along the Miami, Little Miami, Scioto,
.Hocking, and Muskingum Rivers. Less important ones are found
along Whiteoak, Brush; Symmes, Raccoon, and Little Beaver Creeks.
Along the entire southern boundary of the State runs the most
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important watercourse of all, that along the Ohio River, which
acted as a principal glacial drainageway for the area extending from
westernmost New York and northwestern Pennsylvania to the junction with the Mississippi River in southern Illinois.
The State is humid, the precipitation increasing from 30 inches
or a little more along the north edge to about 42 inches at the southern tip and averaging about 37 or 38 inches. The runoff is less than
it is in the States to the east and south. It is less than 10 inches
along the north edge except in the easternmost part, where it rises
to about 17 inches. It increases southward and southeastward but
is generally below 15 inches except in the extreme southeast, where
it rises to 18 inches in the Little Muskingum River basin. It averages
about 12 inches, the same as in Indiana to the west. In the 41,222
square miles of the State it totals about 24 bgd.
The largest body of water accessible to the State is Lake Erie on
the north, which is a virtually unlimited source so long as the water
taken from it is returned in acceptable condition, minus only ordinary consumptive uses. On the south the State has access to the
Ohio River, which increases in flow from about 21 bgd at Sewickley,
Pa., west of Pittsburgh (1933-57; U.S. Geol. Survey, 1960b, p. 73)
to about 62 bgd at Cincinnati (1939-57; idem, p. 67). On the west
Ohio receives from Indiana about 1.1 bgd in the Maumee River
(1921-35, 1939-56) and about 0.8 bgd in the Whitewater River
1915-17,1923-57). Ohio discharges its water into Lake Erie and into
t he Ohio River, mainly the latter, which drains the larger and wetter
part of the State.
Ohio is a highly populated and industrialized State of heavy water
use. The 1960 population of 9,706,397 represented an increase of 22.1
percent over that of 1950 and was the fifth highest of the Nation.
According to the State (State Officials, 1960, p. 274), Ohio ranks
second in "value added by manufacture" and first in industrial use
of fresh water. According to data compiled by the U.S. Geological
Survey (MacKichan and Kammerer, 1961b), Illinois was first in
industrial use of fresh water, about 12 bgd, and Ohio was tied with
Pennsylvania for second place about 11 bgd. All water used in
Ohio was fresh, and the State ranked among the leaders in freshwater use tied for fourth place with Pennsylvania. The per capita
use of water was about 1,200 gpd, about a third higher than the
average in States in which, as in Ohio, little water was used for
irrigation.
Uses were distributed approximately as follows: public supply,
790 mgd of surface water and 230 mgd of ground water; rural
supply, 38 and 110 mgd; industrial use 10,000 and 290 mgd including 8,100 and 18 mgd for public-utility fuel-electric power; and
irrigation, 5.9 and 2.6 mgd.
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About 780 mgd of streamflow went through hydropovrer plants.
This is a small amount compared to that in States where hydropower
generation is substantial less than a tenth as much water as went
through fuel-electric powerplants. More than twice as much water
went through fuel-electric plants as was withdrawn for all other
uses put together.
GROUND-WATER STUDIES

Ohio was covered in some of the early ground-water studies of
the U.S. Geological Survey.. Leverett (1897) presented general
information on the geology and water resources of Indiana and
Ohio. Orton (1898) described the bedrock of Ohio as a source of
water. Leverett (1902) described glacial drift and drainage features
in a report that contains much information of interest in relation
to ground water. Fuller and Clapp (1912) described ground water
in the part of Ohio south of the 40th parallel and west of 83°30'
to 83°40' west longitude the area of Ordovician rocks and the
adjacent fringe of Silurian rocks.
In recent decades the State has become active in ground-water
investigations. The Ohio Geological Survey in 1943 published a
monumental report (Stout and others) presenting the available information on ground-water geology, including maps of preglacial and
interglacial streams along parts of which water-bearing sand and
gravel are found and many of which are now buried by glacial
drift; the report summarizes ground-water availability by counties
and principal towns.
In 1936 the U.S. Geological Survey began an investigation of
the ground-water resources of the Cincinnati area in cooperation
with Butler and Hamilton Counties; the report was published in
1948 (Klaer and Thompson). Also in 1936, the Survey made a brief
study of geology -and ground-water conditions in the experimental
drainage basin of the U.S. Soil Conservation Service near Coshocton
(Cady, 1936b), in the Muskingum River basin in eastern Ohio.
Hydrologic data for the experimental area are given in an Agriculture Department report by Riesbol and others (1942).
The Ohio Water Supply Board was created in 1941 to undertake
needed investigations of water availability and use. Among its first
actions was establishment of a statewide water-level observation
program. Measurements were published annually or biennially
through 1954, when plans were made to publish at 5-year intervals.
Soon after its creation the Board entered into cooperative arrangements with the U.S. Geological Survey for stream gaging and, later,
for ground-water studies. The State agency was later renamed the
Ohio Water Resources Board, and it is now the Division of Water
of the Ohio Department of Natural Resources. The Division of
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Geological Survey of that Department also participates in the
cooperative studies.
Preliminary reports on water supply in a number of counties were
prepared and published in 1942-45. That on Wood County (Harker,
1945) was the latest of the series and is typical of the others. The
complete list is as follows:
Counties

Date of publication

Ashtabula, Lake, and Geauga_________________________
Clinton. ___ ________________________________________
Jackson ____________________________________________
Highland.__________________________________________
Medina-.__________________________________________
Preble- ____________________________________________
Trumbull-_________________________________________
Clark __________________________________________
Stark_ _____________________________________________
Franklin____________________________________________
Summit- ___________________________________________
Fulton _____________________________________________
Wood._____________________________________________

October 1942.
Do.
Do.
Do.
March 1943.
Do.
April 1943.
Do.
August 1943.
September 1944.
November 1944.
February 1945.
April 1945.

More detailed reports on several counties, including three covered
by preliminary reports, have been published or are in press as bulletins of the Water Resources Board or the Division of Water. These
are as follows:
County

Butler and Hamilton (see also
Klaer and Thompson, 1948).
Champaign. ______________
Clark_-____________ ______
Cuyahoga-________________
Fayette_-_________________
Franklin ________________
Greene__ _________________
Licking..-_________________
Madison.___________ _______
Montgomery_____________
Summit. ________________ _
Tuscarawas_ _______________

Bull. No.

Author (s)

Year

8

Bernhagen and Schaefer_____

1947

______
22
26
2
30
19
36
33
12
27
6

Feulner.-----------------Norris-------------------Winslow and others-.---- --_
Bernhagen and others. _____
Schmidt ---------------Norris-------------------Dove.- ___________________
Norris-------------------_--_do__--------_--------Smith ---------.-------Cummins and Sanderson _ _ _ _

1962
1952
1953
1946
1958
1950
1960b
1959a
1948
1953
1947

Brief summary reports on four counties, including one (Jackson)
covered in a preliminary report, have been published in a series entitled Information Circulars, as follows:
County

Jackson--___ ______________
Pike--____ ___________
Ross--____ ________________
Scioto__-__________________

Inf. Circ.
No.

3
1
4
2

Author(s)

Year

Walker __------. --------Smith and Schmidt----.- _ _
Schmidt-----------------Walker and Schmidt--------

1953
1953
1954
1953

A fifth information circular describes ground-water conditions in
the vicinities of 15 interchanges on the Ohio Turnpike between Mahoning and Williams Counties (Schmidt and Walker, 1954).
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Reports on Fairfield and Portage Counties have been completed
for publication in bulletins of the Division of Geological Survey of
the State Department of Natural Resources (Dove, 1962; Winslow
and White, 1962).
Areas smaller than a county, including some in counties covered
also by reports listed above, are described in several reports published in various media. A report by Norris (1961) describes the
hydrogeology of an interesting spring issuing from glacial deposits
at Ashland, Ashland County. The parts of Belmont and Jefferson
Counties along the Ohio River are described in one of the U.S.
Geological Survey's "metropolitan area" reports, this one on the
Wheeling-Steubenville area, West Virginia and Ohio (Smith and
others, 1955). A report by Klaer and Kazmann (1943b) describes
the quantitative hydrology of a well field in the Miami River valley
south of Hamilton, Butler County, developed during World War II
to supply industries that could not safely pump the water they
needed at their plants in the overdeveloped Mill Creek valley north
of Cincinnati. A pumping test made at Columbus, Franklin County,
is evaluated in a paper by Schaefer (1950). Ground water in
glacial outwash deposits in the Fairborn area, Greene County,
is described by Walton and Scudder (1960). Water in similar
deposits in the Venice area, Hamilton County, is described by Dove
(1961). The hydraulic properties of a dolomite aquifer at Ada,
Hardin County, are described by Walton (1953). Another*"'of the
Geological Survey's metropolitan-area reports (Cross and others,
1952) covers the Youngstown area in Mahoning County, where nearly a tenth of the country's steel is produced; the report discusses
the whole Mahoning River basin because the river is the principal
source of water and is one of the most heavily used and reused
streams in the United States. The Piqua area in Miami County,
site of a proposed nuclear facility, is described by Norris and Spieker
(1961). A report by Norris (1959b) discusses vertical leakage
through till as a source of recharge to glacial outwash in the heavily
pumped Dayton area in Montgomery County, and a comprehensive
report by Norris and Spieker (1962) describes the geology and
ground-water resources of the area. (See also Montgomery County
report by Norris, 1948.) The hydrology of the heavily pumped
Canton area in Stark County is described by Schaefer and others
(1946). Induced infiltration from streams both inadvertent and
deliberate is an important source of recharge in the area; it is discussed by Van Tuyl (1948) and Kazmann (1949).
Several reports of regional significance have been completed. One
(Spieker, 1961) describes the hydrogeology of the Mill Creek and
Miami River valleys and the stretch between them in northern
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Hamilton and southern Butler Counties an ancient course of the
Ohio River along which highly productive glacial out wash was laid
down. The bedrock of western Ohio as a source of water is discussed in papers by Norris on Montgomery, Greene, Clark, and
Madison Counties (1951), on sandstone at the top of the Niagara
Group of Silurian age in west-central Ohio (1956), and on general
characteristics of limestone and dolomite aquifers in western Ohio
(1957a).
Of special interest in Ohio are deposits laid down by preglacial
and interglacial streams, described in considerable detail in the
report by Stout and others (1943). The deposits, which in the
glaciated part of the State are masked partly or wholly by glacial
drift, are of hydrologic interest because in some places they are
the best available aquifers whereas in others, though thick, they
are so fine grained as to give trouble in well construction. The
principal preglacial stream has been named the Teays River. It
originated in northwesternmost North Carolina, flowed northward
across western Virginia, northwestward across southwestern West
Virginia and from south-central to west-central Ohio, westward
across Indiana (coinciding in places with the present Wabash River
valley), and then westward and southward across Illinois (in its
lower course coinciding in general with the Illinois River) to empty
into the Mississippi (Norris and Spicer, 1958, fig. 16). Dove (1960a)
describes the valley of the prehistoric Mount Vernon and Cambridge
Rivers, tributaries of the Teays in east-central Ohio. Norris (1959d)
discusses the Minford Silt of western Ohio, a fine-grained valley
fill along the Teays and tributaries, with particular reference to
the effect of the silt on the quality of water that passes through it.
The buried topography in Franklin County, the site of Columbus,
is described in another paper by Norris (1959c).
Because deposits of glacial origin are the most important aquifers
in most of Ohio, glacial studies assume special importance. An important recent product of such studies made as a part of the groundwater program in cooperation with the State Divisions of Water
and Geological Survey is a glacial map of Ohio on the standard
1:500,000 scale used for State geologic maps (Goldthwait and others,
1961), the first of its kind published by the U.S. Geological Survey.
(Some State geological surveys, such as that of Michigan, have
published similar maps of their States.) Another recent product
is a report on the glacial geology of Stark County (White, 1962).
General problems encountered in mapping glacial deposits and the
underlying bedrock are discussed by Norris (1959e). One newly
developed technique used in attempting to correlate glacial deposits
is field measurement of radioactivity (Lieftinck, 1957), but the
results were not encouraging. One of the byproducts of prepara671316 O 63
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tion of the State glacial map is a new classification of the deposits
of Wisconsin age in northeastern Ohio by G. W. White (1960),
one of the authors of the State map.
Papers of general interest include one by Norris (1957b) on
ground-water problems in Ohio, one by Cross (1949) on the relation
of geology to dry-weather streamflow in the State, and one by
Feulner and Hubble (1960) on the natural occurrence of strontium
in surface and ground water in Champaign County information
of importance as background for evaluating the effect of addition
of radioactive strontium by fallout from nuclear explosions.
GROUND-WATER RESOURCES

The adequacy of ground water at any particular place in Ohio
depends on the quantity and quality of water desired. For domestic
supplies on the hand-pump or bucket scale, most of the State is favorable. The only unfavorable areas are the uplands underlain by Ordovician rocks in the southwestern counties, where both dug wells in
till and drilled wells in the shaly bedrock may fail to yield enough
water even for domestic use, at least in dry weather. Cisterns are
in rather common use in those counties.
For the larger quantities of water needed to supply a modern home
the situation, except in the southwestern counties, is still generally
favorable. An occasional well, and sometimes a second or third well
drilled on the same property, fails to yield enough water and the
water use must be cut down to match the available supply. In
some areas, as in similar areas in Kentucky (p. 366), careful well
location that takes local geology into account is necessary. In general,
however, supplies adequate for even modern homes are available in
the greatest part of the State.
Except that even more careful well location is necessary, the situation is not very different as it applies to water supplies for small
communities and commercial and industrial enterprises supplies of
a few tens of thousands of gallons per day to 100,000 gpd or so.
To obtain the quantity of water needed it may be necessary to drill
two or more wells, and perhaps to go as much as a few miles from
the point of use, but in general water can be obtained.
When the demand rises to several hundred thousand to several
million gallons per day the situation changes radically. Ground
water in quantities adequate to supply cities, metropolitan water
districts, or large industries is available in relatively few places.
The principal such localities are found along the Ohio River and
other major watercourses. Large supplies are available in a few areas
of glacial outwash not not traversed by streams, and locally in the
central and western parts of the State large supplies are available
from bedrock (though the water from bedrock generally is moderately mineralized and very hard).

OHIO

663

The principal watercourses are along the main stems and principal
tributaries of the streams named previously (p. 656). The "valley
train" deposits'yield about two-thirds of the ground water pumped
in Ohio. The development is greatest more than 200 mgd in the
Miami River valley from Dayton southward, including the adjacent
Mill Creek valley north of Cincinnati which is an abandoned watercourse. Valley-train aquifers are pumped heavily at Columbus and
Chillicothe in central Ohio, in the Canton-Akron area in northeastern.
Ohio, and in the Muskingum River valley in eastern Ohio. Pumping
in the Ohio River valley on the Ohio side of the river is not yet
heavy (about 12 mgd in 1960, according to the Ohio Division of
Water) because most of the communities and industries are small.
Not much water is pumped from wells along the river even at
Cincinnati. The course of the river between the mouths of the
Little Miami and Miami Rivers is geologically young and lacks
the thick, productive outwash deposits laid down along the glacial
course of the river, which went up the Little Miami valley, westward
across the Norwood trough (the site of Oakley, Norwood, and Bond
Hill) to the Mill Creek valley, up that valley to the Hamilton-Butler
County line, and then westward to and down the Miami River
valley (Klaer and Thompson, 1948, p. 13, pi. 1).
Glacial outwash and ice-contact deposits in upland areas, which
are not accessible to recharge from large perennial streams and so
must receive most of their recharge from precipitation, are potentially important aquifers in several areas. One of the principal
deposits, largely mantled by till, lies along the ancient Teays River
from Madison, Clark, and Champaign Counties (Norris and Spicer,
1958, pi. 8) northwestward to the Indiana line in northwestern
Mercer County (Stout and others, 1943, map 4). Another consists
of kames and eskers (hummocks and ridges of sand and gravel)
north and west of Canton and in, east, and northeast of Akron
(Goldthwait and others, 1961). Similar deposits are found in Greene
and Montgomery Counties between Xenia and Dayton; south of
Bellefontaine in Logan County; southeast of Columbus in Franklin,
Pickaway, and Fairfield Counties; in scattered areas west of Canton
in the headwaters of the Muskingum River; and in a few other
places in northeastern and west-central Ohio (idem).
The best bedrock aquifers are the Silurian and Devonian limestone and dolomite. Except for the area of shaly Ordovician rocks
in the southwestern counties, these carbonate rocks.underlie the part
of the State west of a line extending west of south-from Lake Erie
at Sandusky to the Ohio River in southeastern Adams County. They
range in thickness from about 200 to 800 feet and generally yield
about 50 gpm to wells; in a few favorable localities they yield as
much as several hundred gallons per minute. In many upland areas
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in western Ohio the glacial till that mantles them is nearly impermeable and they are the only source of ground-water supply.
The rocks of Devonian, Mississippian, Pennsylvanian, and Permian
age in eastern Ohio are largely shale and sandstone. Among the
principal sandstone aquifers are the Berea, Sharpsville, and Black
Hand Sandstones of Mississippian age and sandstones of the
Pottsville Formation of Pennsylvanian age.
Pumping is heaviest, 40 mgd or more, in Butler County (Hamilton, etc.), Montgomery County (Dayton), and Stark County
(Canton). In the first two, valley-train deposits are the principal
source; in the Canton area more than half the water comes from
these deposits but upland sand and gravel and sandstone of the
bedrock also are important aquifers. The pumpage in Hamilton
County (Cincinnati and Mill Creek valley) and Ross County
(Chillicothe) is 20 to 40 mgd, nearly all from valley-train deposits.
Next down the line are the following counties where 10 to 20 mgd
is pumped: Clark (Springfield; inostly valley-train deposits), Franklin (Columbus; half valley-train deposits and half carbonate rocks),
and Summit (Akron and vicinity; mostly upland sand and gravel,
some valley-train deposits). Pumpage is 6 to 10 mgd in Seneca
County (Tiffin; carbonate rocks), Fairfield County (Lancaster, etc.;
upland sand and gravel and valley-train deposits), Tuscarawas
County (New Philadelphia, etc.; nearly all valley-train deposits),
and Jefferson County (Steubenville; nearly all valley-train deposits).
The pumpage is 2 mgd or more in some 20 or 25 additional counties.
Except in the relatively few heavily pumped areas in the State,
the ground-water resources are capable of additional development
ranging from small to very large. The prospects are best along the
Ohio Kiver and other watercourses, but they are good in many other
known areas and probably just as good in still others about which
little or nothing is known. The general report of Stout and others
(1943) and even the most detailed county reports prepared to date
by no means reveal all the favorable localities. Much additional
exploration remains to be done, and each detailed county or areal
study will add to the known possibilities. The total feasible groundwater development in the State is several times the present development, especially in view of the very large potentialities for induced
recharge along the Ohio River and other large streams.
QUALITY OF WATER

Quality of water, rather than quantity, is commonly a limiting
factor in use of both ground water and surface water in Ohio. The
ground water of the State is generally hard and not uncommonly
is excessively hard. That along watercourses tends to reflect the
quality of water in the associated stream. That in glacial drift in
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the uplands is variable in quality but most of it is hard and some
of it is high in iron content. That in limestone and dolomite of the
bedrock generally is excessively hard and commonly contains excessive amounts of iron and hydrogen sulfide. That from sandstone at
depths of less than 150 to 200 feet generally is soft and of good
overall quality, but that from greater depths commonly is excessive
in iron or chloride content.
The water of the Ohio River generally is of satisfactory quality
for most industrial uses. At times, however, owing to heavy industrial use and reuse, it contains taste-, and odor-producing chemicals.
In the upper reaches of the river the iron and manganese content
causes problems during periods of low flow.
The water of Lake Erie is more uniform in quality than that of
the streams in Ohio, but the dissolved-solids content is greater than
that of at least a few of the tributary streams, including the
Cuyahoga River and Conneaut Creek. The water of most of the
other important tributaries is equal to or greater than that of Lake
Erie in dissolved-solids content. Many of the tributaries in northeastern Ohio carry undesirable concentrations of heavy metals or
other constituents into the lake. This pollution of the nearshore
lake water has caused some damage to recreational and commercial
interests along the shore.
The waters of inland streams in Ohio generally contain moderate
amounts of dissolved solids and are principally hard waters of the
calcium magnesium bicarbonate or calcium magnesium sulfate type.
The waters of the Tnscarawas, Muskingum, and lower Grand Rivers
are hard but of the calcium sodium chloride type. That of Raccoon
Creek is usually acid and contains appreciable quantities of iron and
manganese. Most streams whose water departs from the normal
calcium magnesium bicarbonate type are affected by disposal of
brine or other industrial wastes.
PROBLEMS

Water-supply problems in Ohio are largely economic. In every
part of the State where water is needed, a supply can be found by
locating an aquifer of suitable yield or a stream whose measured or
estimated flow is adequate, and building any necessary storage, treatment, and distribution facilities. Not always is the cost one that the
community or industry needing the water can readily afford to pay,
but Ohio is a fundamentally prosperous State and few communities
or industries have withered on the vine for lack of water. One
rather widespread problem is pollution of streams, and locally of
aquifers, by sanitary and industrial wastes; this problem too is
basically economic and involves treatment of wastes before they are
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discharged and of water before it is used. Most individual problems
that have arisen can be said to have resulted from inadequate planning or management of water-supply facilities.
PUBLIC WATER SUPPLIES

The number of public water supplies in the State grew from 172
in 1900 to nearly 600 in 1960. The growth has resulted in many
problems of developing, treating, and distributing water, if not of
actual shortage. A questionnaire distributed by the State Division
of Water in 1957-58 produced replies from 297 municipalities representing 95 percent of the population served by public systems.
The problems mentioned, in order of frequency, were limited capacity
of distribution systems, financing (about 1 in 4 communities), lack
of public appreciation of the problems (predominantly in the smaller
communities), shortage of water at the source (36 communities),
and problems of expanding metropolitan distribution facilities.
About one municipality in three reported that there were no serious
problems. The State's report on the questionnaire concluded that
regional or watershed developments to supply public and other needs
in whole groups of political subdivisions should be explored further.
The Ohio Conservancy District Law provides a mechanism already
in existence and operating (Ohio Department of Natural Resources,
1959).
OVERPTTMPING

Pumping in the Mill Creek valley north of Cincinnati has been
at the practical maximum for some 20 years, as became apparent
during World War II when it was necessary to pipe water from a
well field in the Miami River valley to supply certain war industries
(Klaer and Katzmann, 1943b). The situation is now reasonably
stable and is understood well enough that attempts to increase the
overall pumpage substantially are not likely.
A similar situation has been developing in the Dayton area (Norris
and Spieker, 1962), where several wells went dry in the middle
1950's as a result of water-level declines caused by increasing
pumping and by drought-induced reduction in recharge. Although
recharge is now higher, pumping has continued to increase and another drought would produce a situation more critical than that of
the middle 1950's. Additional water can be obtained from deposits
of outwash some distance from existing centers of pumping; obtaining this water and, possibly, artificial recharge are the obvious
next steps to be taken as demand continues to increase in relation
to supply. The pattern that developed in the Mill Creek valley
during World War II and is now developing in the Dayton area will
doubtless be repeated in many other parts of the State in the future;
the water will be available, but not as cheaply as it is now.
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POLLUTION

Problems of pollution are of increasing concern. Recently the Ohio
Water Pollution Control Board was established to combat them.
An example of a serious problem is contamination of the Tuscarawas
and Muskingum Rivers and the adjacent valley-train aquifers by
calcium and sodium -chloride brines of industrial origin. Another
is contamination of fresh-water aquifers in eastern Ohio by saline
water rising through improperly plugged oil and gas test holes and
abandoned production wells. A third is contamination of cavernous
carbonaterock aquifers in northern Ohio by discharge of untreated
sewage into wells, which is done not only by rural dwellers but also
by some municipalities. (See Ohio Dept. Natural Resources, 1961.)
Iron-precipitating bacteria, commonly called "Crenothrix," cause
trouble in some sand and gravel aquifers, such as that at Dayton,
by plugging well screens. Formerly it was thought that only individual wells were affected, the bacteria gaining admittance at the
top and working their way down the well. Now, however, it appears
that the bacteria may be growing in the aquifers between wells.
Even if they can be killed by disinfectants injected into wells, they
cannot readily be flushed out by pumping. The problem requires
additional study.
FLOODS

Floods are a problem in Ohio as they are in most other States.
The relatively flat topography and gentle stream gradients of most
of the State, and the cover of glacial till or weathered bedrock of
low permeability that occupies most of its surface area, are conducive to flooding during periods of torrential rainfall or rapid
snowmelt events that must be expected to occur from time to time.
The largest stream of the State, the Ohio River, has relatively little
reservoir storage capacity along its course because of the needs of
navigation and the value of the land that would be inundated by
truly large reservoirs, and so floods along it cannot be prevented,
only guarded against. Other steams of the State also are subject
to floods, although substantial flood reduction has been achieved on
some of them and can be achieved on others. The flood of 1913 on
the Miami River led in 1914 to the enactment of the Conservancy
Act. Originally directed at flood control, the act has been broadened
until it now provides a basis for other water-related activities, including channel rectification or diversion; reclamation of wetlands;
provision of water supply for irrigation, industrial, and domestic
use; .regulation and conservation of streamflow; and collection and
disposal of wastes; as well as control of shore erosion along Lake
Erie (Ohio Dept. Natural Resources, 1959, p. 14). The Miami
Conservancy District was the first to be formed, at a time when the
Federal Government had not entered the flood-control picture
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(State Officials, 1960, p. 276). As of 1959 there were 22 conservancy
districts and subdistricts in the State (Ohio Dept. Natural Resources, 1959, p. 3), including in addition to the Miami Conservancy
District the large and important Muskingum Watershed Conservancy District and the Maumee Conservancy District.
Areas covered by major floods at Mount Vernon, Springfield, and
Newark are shown on maps (Ruggles and others, 1961a, b, 1962)
which are among the several published to date in a series intended
to assist cities throughout the United States in planning measures
to reduce flood damages.
DRAINAGE

Like other glaciated humid States of low relief and intensive
agriculture, Ohio has long had extensive drainage works, installed
mainly by locally organized drainage districts. The installations in
northwestern Ohio are among the most extensive in the United
States (State Officials, 1960, p. 277). No large Federal drainage
projects have been undertaken.
One of the principal problems related to drainage is deterioration
of the works, which has the effect of reducing their effectiveness in
removing surface water and lowering the water table. Another
problem, typical of large parts of the drained areas in the Midwest,
is a need for control structures that could be opened or removed
during the spring so as to enable the drains to do their job with
maximum effectiveness at that time, and then closed or reinstalled
during dry weather in late summer and fall to keep the water table
higher and so help to maintain the supply of soil moisture.
PROSPECTS AND NEEDS

Ohio's water problems are similar to those of other highly populated and heavily industrialized States that have large but not
overlarge water supplies and recurring problems caused by floods
and droughts.
The droughts of 1953-54 caused many water shortages and led to
establishment of the Governor's Advisory Committee on Ohio's
Water Resources, which was directed, among other things, to
determine the causes of the water shortages. At the same time the
100th General Assembly directed the Ohio Legislative Service Commission to study Ohio's water laws and to make recommendations for
any needed legislation.
The Governor's Advisory Committee found that the drought was
not the basic cause of the water shortage but simply intensified the
symptoms of a more basic and growing problem a rapid growth in
demand for water for cities, industries, and farms. The Committee's
report said the problem was not so much to increase the total water
supply, which on the average is abundant, as to learn to plan for
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Sound water management in each basin appears to be the best approach to
the problem. A water plan for Ohio is needed on a watershed basis which
wijl recognize the variety of uses to which water may be put and the need
for its retention and control.

The Water Rights Committee of the Legislative Service Commission reached similar conclusions and recommended a basin-bybasin inventory of water resources and of factors affecting water
management.
In 1955 the 101st General Assembly directed the Division of
Water of the Department of Natural Resources to undertake a longrange program of inventorying the water. resources, including such
factors as amounts of water used, availability of water, potential
reservoir sites, economics of water development and control, water
quality, soils, recreational aspects, floods, and drainage.
The State has been divided into 18 major drainage basins and
108 subbasins. It is proposed to prepare a comprehensive report
on each of the 18, including maps showing streamflow, ground-water
availability, reservoir sites, and soils data. The inventories and
reports will be designed to answer questions which in simple terms
are as follows: How much water is being used? How much is
needed? How much is available, and where and how can needed
supplies be obtained? Are there problems of recreational needs, flood
control, and soil erosion? The inventory is now well underway.
The Division of Water in 1950 sponsored a study of water rights
in relation to future water developments. The study was undertaken
by Harry Reese and Sheldon Young of Ohio State University, and
its results were used by the Legislative Service Commission in the
report of the study undertaken at the direction of the 100th General
Assembly. Later, Charles C. Callahan of Ohio State University
prepared a more detailed report (1957). Ohio seems clearly to be
a riparian-rights, reasonable-use State, although cases establishing
these principles are neither numerous nor recent (idem, p. 3). As
in other riparian-rights States, substantial modifications in law may
be necessary to facilitate future water development.
In 1960 the Ohio Water Commission was created to study the
water situation and recommend possible legislation. Among the
measures visualized as needed are an act to establish watershed
districts, amendments to the Conservancy District Law, a floodcontrol act, and amendments to State laws affecting zoning regulations in local political subdivisions.
Ohio is alert to the nature of its water problems and seems well
on the way to establishing the basic mechanisms needed for solving
them. As has been stated in the sections on many other States, to
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solve individual problems will require much hydrologic information, and Ohio still has a long way to go to obtain the needed
information. Future hydrologic studies will need to be comprehensive enough in scope and sufficiently quantitative in nature to
provide a basis for intelligent choices among alternative means of
solving particular problems. Needed ground-water studies embrace
five principal phases:
1. Regional studies of principal aquifers. Bedrock aquifers and
some of the most extensive glacial aquifers can best be studied on
a regional basis as complete hydrologic units. Under study at
present are the principal aquifers of northeastern Ohio, a 14-county
area which includes Cleveland, Lorain, Akron, Canton, and Youngstown. This area is one of the most highly industrialized and fastest
growing in the United States and bids fair to join the ranks of
Eastern metropolises such as the Connecticut-New York-New Jersey
region and the Trenton-Philadelphia-Wilmington area.
2. Quantitative studies in heavily pumped areas, including evaluation of the possibilities of artificial recharge in areas of lowered
water levels. The Dayton area (Norris, 1948, 1959; Norris and
Spieker, 1962), where more ground water is withdrawn for municipal use than anywhere else in the Midwest; and the Venice area
near Hamilton (Dove, 1961), where water is pumped from two "horizontal collectors" to supply more than a dozen industrial plants
near Cincinnati, are examples of areas where such studies are needed.
3. County and watershed studies. Counties or watersheds, according to circumstances, make convenient units for comprehensive areal
studies. Many such studies are needed in addition to those made to
date and listed in the section on Ground-water studies.
4. Basic hydrologic studies. Statewide studies of the basic-data
type, including inventories of significant well data and measurements
of water-level fluctuations, need to be expanded. In addition, basic
hydrologic studies are needed in such fields as location and hydrology
of buried valleys, Pleistocene stratigraphy in relation to occurrence
and movement of water, geochemistry of water, geology in relation to
base flow in streams (Cross, 1949), methods of computing water
budgets for complete hydrologic units, and infiltration of precipitation into glacial deposits and bedrock. The results of such studies
will be useful not only in Ohio but also in similar areas elsewhere.
5. Support activities. Geophysical studies and test drilling are
important adjuncts to both areal and basic hydrologic studies.
Resistivity and seismic studies have proved useful in mapping buried
valleys and glacial aquifers (Norris and Spicer, 1958). Electrical
logging of wells is becoming increasingly useful, especially gammaray logging which can be done in cased wells. There is a need for
more test drilling, and for studies to determine how to do it most
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effectively and economically. Test wells are indispensable for determining* how much water can be obtained at specific sites in areas
of few existing wells, and they are necessary also as "bench mark
stations" from which geophysical surveys can be extended into
adjacent areas at a cost lower than that of additional test wells.
Among the most promising sources of water whose usability
throughout the State needs to be evaluated are Lake Erie and the
Ohio River. Though the lake water cannot be diverted from the
drainage basin of the ; iake without interstate and international
agreement,- it can legally and, eventually, perhaps feasibly be
made available to the entire basin, which covers 29 percent of the
State's area and includes two-fifths of the population (State Officials,
1960, p. 274). Similarly, Ohio River water will be used in areas in
that river's basin to which it can be pumped more economically than
water can be stored locally or obtained from the ground. In both
cases, water not used consumptively will be returned to the source
for further use, after such treatment as may be required. Lake Erie
water is now pumped as much as 20 miles, Ohio River water much
less except perhaps in the Cincinnati area.
Great additional effort must be made in hydrologic studies, in
legislation, in planning activities, and in construction of specific
projects, some of them in partnership with the Federal Government.
Ohio's economic base appears to be adequate to support the effort
required of the State. And, the people of the State in recent years
have demonstrated increasingly their ability to comprehend the
needs for a broader program of hydrologic investigation and planning and their willingness to assume responsibility for carrying out
the program.
OKLAHOMA
Semiarid to humid State; plains typical of western and central parts but,
Ozark Plateaus and Ouachita Mountains present in east; moderately large
water resources and substantial growing water use. Precipitation about
16 or 17 inches in extreme west to more than 50 inches in southeast; averages
about 32 or 33 inches. Annual runoff from less than 0.25 inch in western
Panhandle to about 20 inches in southeast; averages a little more than 5 inches
for total of about 20 bgd. State receives about 10% million acre-feet per year in
Arkansas River and tributaries and discharges about 22 million into State of
Arkansas; receives about 275,000 acre-feet per year from Texas in Red River
and tributaries and discharges about 12 million into Red.
Principal ground-water resources are in Ogallala Formation of Tertiary
age in High Plains in Panhandle and adjacent area and in alluvium and
terrace deposits of Quaternary age along major streams. Small to large but
mostly moderate supplies in sandstone aquifers of Ordovician to Cretaceous
age in several large areas mostly in central, northeastern, and southeastern
parts of State. Moderate to large supplies in carbonate rocks of Arbuckle
and Sirnpson Groups of Cambrian and Ordovician age in Arbuckle Mountains
area in south center, in limestone of Boone Formation of Mississippian age

672

ROLE OF GROUND WATER IN NATIONAL WATER SITUATION

in northeast, and in gypsum of Blaine Formation and Dog Creek Shale of
Permian age in southwest.
Water use in 1960 about 950 mgd, or 1.06 million acre-feet, 150 mgd surface
water and 56 mgd ground water for public supply, 39 and 20 mgd for rural
supply, 340 and 75 mgd for industry including 180 mgd fresh and 120 mgd
saline surface water and 6 mgd fresh ground water for public-utility fuelelectric power, and 84 and 190 mgd for irrigation. Reguirements as of 1975,
2000, and 2025 estimated by State at 1.4, 3.67, and 5.21 million acre-feet per
year, or about 1.25, 3.3, and 4.65 bgd.
Problems include scarcity of ground water in many places and availability
of only small to moderate supplies in most interstream areas; lack of detailed
ground-water information in greatest part of State; floods; natural salinity
of ground and surface water, especially in parts of center and west; and
contamination of ground and surface water by industrial wastes, especially
oil-field brines in parts of center and east. Surface water of good quality
available in southeast. State active in investigating water resources and
planning water developments; future prospects good.

Oklahoma is a semiarid to humid State of small to large water
resources and substantial and rapidly increasing water use whose
problems relate largely to floods at some times in some areas and the
scarcity or salinity of both ground and surface water at other times or
in other areas. The State is largely in the Unglaciated Central
ground-water region and the Central Lowland Physiographic province. The Panhandle and adjacent areas are in the Great Plains
physiographic province, mostly in the High Plains section. A strip
of the Gulf Coastal Plain a few tens of miles wide occupies the east
half of the south edge. To the east are the Ouachita Mountains and
Arkansas Valley sections of the Ouachita province and the Boston
Mountains and Springfield-Salem plateaus sections of the Ozark
Plateaus province.
Most of the State is underlain by Paleozoic rocks ranging in age
from Cambrian to Permian. Precambrian rocks crop out in places
in the Ozark Plateaus and in the Wichita and Arbuckle Mountains.
Paleozoic rocks ranging from Cambrian to Pennsylvania!! are folded
and faulted in the Wichita, Arbuckle, and Ouachita Mountains.
The Paleozoic rocks where little disturbed dip generally westward
and then flatten out to the west. Beneath the High Plains they pass
beneath nearly horizontal strata of Triassic, Jurassic, and Cretaceous
age. Southward-dipping rocks of Cretaceous age form a southwardthickening wedge beneath the Coastal Plain area in the southeast.
The Ogallaja Formation of Teritary age mantles the rocks of
Cretaceous and greater age in the High Plains. Terrace deposits
and alluvium of Quaternary age mantle the older rocks along the
principal streams the main stem of the Arkansas River and its
tributaries the Salt Fork and the Cimarron, North Canadian, and
Canadian Rivers and the main stream of the Red River and its
tributaries the North Fork and the Washita River.
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-The annual.precipitation is about 16 or 17 inches at the west tip
of the Panhandle. It increases eastward and southeastward to more
than 50 inches in the Ouachita Mountains, and it averages about 32
or 33 inches. The runoff is 0.25 inch or less, between 1 and 2 percent
of the precipitation, in the western two-thirds of the Panhandle.
It is between 0.5 and 1.0 inch at the east end of the Panhandle and
increases to about 4 to 5 inches in the middle of the State and to 10
inches or more at the east edge. It is highest, about 20 inches, or
roughly two-fifths of the precipitation, in .the highest part of the
Ouachita Mountains. According to computations made in 1951 by
C. H. Hardison of the U.S. Geological Survey (unpublished data),
based on the runoff contours of Langbein and others (1949) shown
in plate 1, the average annual runoff is about 5.1 inches. From Oklahoma's 69,919 square miles this would give a total of about 17 bgd.
The State (State Officials, 1960, p. 278-279) cites figures based on a
different period of record which lead to a somewhat larger total: the
State contributes about llMs million acre-feet per year each to the
flow of the Arkansas and Red Rivers, for a total of about 23 million
acre-feet, or roughly 20 bgd.
Oklahoma lies entirely within the Arkansas and Red River basins,
and so all the water that enters the State from the outside does so
in those streams and their tributaries. The Arkansas River and
tributaries bring in about 10^2 million acre-feet per year, mostly
from Kansas, and the Arkansas discharges about 22 million into the
State of Arkansas (U.S. Geol. Survey, 1960b, p. 68-69). The Red
River has a discharge of about 275,000 acre-feet per year at the
southwest corner of Oklahoma, but Oklahoma contributes the bulk
of the flow of that stream as measured at the southeast corner of
the State.
Water use is substantial and growing, though still much less than
the national average per capita because neither industrial nor irrigation use is yet la'rge. The total withdrawal use in 1960 was about
950 mgd, roughly two-thirds surface water. Surface-water use
included about 150 mgd for public and 39 mgd for rural supply, 340
mgd for industry including 180 mgd of fresh and 120 mgd of saline
water for public-utility fuel-electric power and 11 mgd of saline
water for other uses, and 84 mgd for irrigation. Ground-water use
included about 56 mgd for public and 20 mgd for rural supply, 75
mgd for industry including 6 mgd of fresh water for public-utility
fuel-electric power and 46 mgd of saline water for other uses, and
190 mgd for irrigation. An additional 16 mgd, mostly surface water,
was accounted for by conveyance losses associated with irrigation.
Hydropower use of surface water was about 9.3 bgd, larger than that
in about a third of the other 49 States but far smaller than that in
States where hydropower generation is substantial.
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Withdrawal requirements as of 1975, 2000, and 2025 are estimated
by the State (State Officials, 1960, p. 282) at 1.4, 3.67, and 5.21 million
acre-feet, or about 1.25, 3.3, and 4.65 bgd. Hydropower use also will
probably increase substantially, as dams are built to store the water
needed for flood control and to meet increasing requirements for
water supply, waste dilution, and navigation.
GROUND-WATER STUDIES

Oklahoma is covered in a very general way in several old reports
of the U.S. Geological Survey on larger areas including the High
Plains and the Black and Grand Prairies. The first report devoted to
the water resources of Oklahoma is Water-Supply Paper 148 (Gould,
1905), which covers the western part of the State (Oklahoma Territory) and contains general and some detailed information. Brief
reports by Schwennesen (1915a, b), Thompson (1922), and Renick
(1925) describe the availability of ground water for irrigation and
public supply in the vicinities of Enid, Oklahoma City, and Gage.
Stream gaging began some decades ago. Cooperative ground-water
studies began in 1937, the cooperating agency being the Oklahoma
Geological Survey. Later there was cooperation also with the
Division of Water Resources of the Oklahoma Planning and
Resources Board. The Division is now a separate State agency, the
Oklahoma Water Resources Board, and is the principal cooperator.
Detailed reports have been completed on all or parts of 8 of
Oklahoma's 77 counties for publication as bulletins of the State
Geological Survey: Beaver (Marine and Schoff, 1962), Canadian
(Mogg and others, 1960), Cimarron (Schoff, 1943), Grady and
northern Stephens (Davis, 1955), southern McCurtain (Davis, 1960),
Ottawa (Reed and others, 1955), and Texas (Schoff, 1939). Another
bulletin of the State Survey, on the geology and mineral resources of
Tulsa County, contains a section on water resources (Warren, 1952).
A brief report on Kingfisher County has been published as a
Mineral Report of the State Survey (Schoff, 1949).
Areas within a county or lying on the border between two counties
are covered in reports, generally brief, as follows:
Alfalfa County, Cherokee area (Schoff, 1950)
Beckham County, central (Burton, 1953)
Caddo County, Anadarko area (Schoff, 1948c)
Garfield County, Enid area (Schoff, 1948f)
Jackson and Greer Counties, Duke area (Schoff, 1948a)
Kiowa County, Roosevelt area (Hollowell, 1961c)
Lincoln County, Davenport area (Schoff, 1948e)
McClain County, Blanc-hard area (Davis and Schoff, 1948)
Oklahoma County, Oklahoma City area (Jacobsen and Reed, 1949)
Okmulgee County, Beggs area (Schoff, 1948d)
Tillman County, western (Barclay and Burton, 1953)
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Similar reports, also mostly brief, describe ground water in
alluvium and terrace deposits along various streams, as follows:
Arkansas River flood plain near Fort Gibson, Muskogee County
(Schoff and Reed, 1951)
Beaver Creek basin in Jefferson County and nearby counties (Hart,
1961b)
Canadian River valley near Norman. Cleveland County (Stacy, 1962)
Cimarron River valley (terrace deposits along northeast side) in
Alfalfa, Garfield, Kingfisher, and Major Counties (Reed and
others, 1952)
Cottonwood Creek basin in Logan County and adjacent counties
(Stacy, 1960)
Elk Creek basin in Kiowa County and adjacent counties (Hollowell,
1961a)
Otter Creek basin in Tillman County and adjacent counties (Hollowell,
1961b)
Pond Creek basin in Caddo County (Davis, 1950; see also Clark, 1956)
Washita River and tributaries in south-central Oklahoma (Leonard
and others, 1958)

Ground water in the Arbuckle Mountains region in south-central
Oklahoma is described in a brip.f report by Davis (1958b).
Areas covered by ground-water reports and generally availability
of ground water in the Arkansas, White, and Red Eiver basins an
area which includes all of Oklahoma are shown on maps by Lohman
andBurtis (1953a, b).
Reports, mostly of stubstantial size, describe the general water
situation in Oklahoma, or contain specific information on a statewide basis. These include a map and text showing the major groundwater reservoirs (Schoff, 1955), two reports summarizing the physical water resources (U.S. Geol. Survey, 1945; Dover and others,
1957), broad summary and planning reports by Oklahoma University
(no date) and the Oklahoma Water Resources Board (1960), a
report presenting chemical analyses of water samples from sources
scattered over the State (Smith and others, 1942), descriptions of
public water supplies, including chemical analyses of the water
(Laine and others, 1951; Dover, 1953), a description of salt springs
(Ward, 1961b), and a discussion of the types of fluctuations of
water levels in observation wells (Hart, 1961a). Hutchins (1955c),
in one of his reports on the 17 Western States describes Oklahoma's
law of water rights.
Relatively brief reports and papers summarizing ground-water
occurrence and problems in the State include those by Dott (1942),
Schoff (1948b), Davis (1958a), and Leonard (1960, I960?, 1961?). A
paper by Schoff (1940) summarizes the occurrence of ground water
in the Panhandle, described in detail in the State Survey's bulletins
on Beaver, Cimarron, and Texas Counties cited previously.
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Brief special-purpose papers describe a case of brine contamination
of fresh water at Wewoka, Seminole County (Schoff and others,
1941), the occurrence of oil at shallow depth (325 feet) in a well
drilled for water at Idabel, McCurtain County (Davis, 1953), the
use of water-level fluctuations to predict the dry-weather -flow of
Pond Creek in Caddo County (Clark, 1956), and the correlation
of water-level fluctuations with climatic cycles in the Panhandle
(Marine, 1962b).
Lake Hefner, an artificial reservoir in Oklahoma County, was the
site of fundamental studies of the evaporation of water (Harbeck
and others, 1954). On the basis of a section on geology and groundwater hydrology in the report, by P. E. Dennis, the lake was
selected for the studies because it could be assumed that loss of
water by seepage through the lake bottom would be negligible.
Currently, detailed studies are underway or have been completed
in several substantial areas of present or potential heavy pumping.
These include Woodward County; Caddo County (except the southwest corner) and the adjacent area in Blaine, Custer, and Washita
Counties (Tanaka and Davis, 1962) ; the valley of the North Fork
of the Red River in central and western Beckham County and the
valley of the same stream in the stretch above the mouth in Jackson,
Tillman, and Kiowa Counties; the area of gypsum aquifers in
Harmon, Greer, and Jackson Counties; and the Verdigris River
valley from southwestern Rogers County to the mouth and the
Arkansas valley from there to the State line.
GROUND-WATER RESOURCES

Ground water is not as abundant in Oklahoma as it is in some
other States, but it is an important factor in the State's economy
and is capable of much greater total development than that to date.
In 1960 an average of about a third of a billion gallons per day
was pumped to supply various uses. Ground water ranked behind
surface water in withdrawal for public and rural use (though it
led in rural domestic use, as opposed to stock use) and for industry,
but it led surface water better than 2 to 1 in irrigation use, which
is still moderate in comparison with that in other Western States
but is growing. In the largest part of Oklahoma's area the average
precipitation is sufficient for growing most crops, but the increasing
interest in supplemental irrigation in the eastern part of the State,
especially in dry years, and in full-scale irrigation in the Panhandle
and other areas in the western part will lead to a progressive
increase in irrigation withdrawal.
About three-quarters of the 388 municipalities having public
water supplies use ground water. The larger cities use mostly
surface water, and ground water supplies only a little more than
a quarter of the total municipal withdrawal. It supplies the bulk
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of rural domestic use, but rural use of wells for watering stock has
declined with the increase in number of farm ponds; except in the
High Plains, nearly every farm has at least one stock pond. Wells
are used for stock in winter feed lots, and they are the chief source
of water for dairies.
The principal aquifers of Oklahoma can be divided into four
general groups: the unconsolidated to semiconsolidated sand and
gravel of the High Plains, the unconsolidated sand and gravel of
the alluvium and terrace deposits along streams, sandstone aquifers,
and a group of consolidated-rock aquifers which for convenience
may be called "limestone aquifers." This last group includes carbonate rocks (limestone and dolomite) and gypsum.
DEPOSITS OF THE HIGH PLAINS

The deposits of the High Plains include the Ogallala Formation
of Tertiary age and stream-laid and basin-fill deposits, consisting
largely of reworked Ogallala, of Quaternary age. They underlie the
Panhandle except where they have been stripped away by the
Cimarron River in about the northwestern fifth of Cimarron County
and in a smaller area in northeastern Beaver County, and by the
North Canadian River in a belt totaling about a quarter of the
area of Beaver County and extending several miles up the river into
southeastermnost Texas County. East of the Panhandle similar
deposits occupy most of Ellis County, southwestern Woodward
County, and the uplands of the western third of Roger Mills County.
The deposits are as much as several hundred feet thick and contain a large quantity of water in storage which is at least
theoretically available to wells perhaps more than 100 million acrefeet. As of 1960 about 75,000 acres was irrigated with roughly
100,000 acre-feet of water per year, and the deposits yielded water
for all industrial and municipal needs and most stock and domestic
needs also. The average annual replenishment is not great as
expressed in fractions of an inch or inches of water per year, but
in wet periods it is substantial. In Beaver County, for example, it
is estimated that in the relatively wet period 1941-51 the recharge
may have been as much as 18 percent of the total precipitation, or
nearly 4 inches per year (Marine and Schoff, 1962). In normal
and dry years both the percentage and the total are much less, but
on the average the recharge in the High Plains is probably a substantial fraction of an inch of water per year, the total recharge
being at least as great as and perhaps a few times greater than the
1960 withdrawal. Thus, in the High Plains of Oklahoma as a
whole, ground water is not yet being mined.
Wells yield as much as 1,000 gpm in areas where the deposits are
thickest and most permeable, and yields of several hundred gallons
671316 O 63
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per minute are common throughout areas of hundreds of square
miles.
ALLUVIUM AND TERRACE DEPOSITS

Alluvium and terrace deposits form a class of aquifers which
are especially important because they constitute belts extending
across areas of other wise meager ground-water supplies, or because
they are the shallowest, most accessible aquifers even if there are
others below. They represent deposits of the major streams formed
during the period of dissection of the High Plains, which began
at about the end of the Tertiary Period. Thus they consist largely
of reworked material derived from the Ogallala Formation.
The streams -have cut down from the levels at which they flowed
at the end of Ogallala time. The cutting down has been not gradual
or steady but intermittent, corresponding to major flucuations in
climate during the Quaternary Period the last million years or so.
At times the downcutting would cease temporarily and the streams
would deposit alluvium on their flood plains. Then downcutting
would resume until the stream became graded at a lower level, when
it would begin to deposit again. The alluvial deposits left behind
at higher levels as the streams progressively lowered their beds are
called "terrace deposits." Some of them, especially the higher ones,
are completely separated from the alluvium along the present
streams and are simply mantles capping the bedrock. The yoimgest
terraces may be only a few feet higher than the present flood plains,
and hydrologically their deposits are simply extensions of the most
recent alluvium. In many places the wind has piled up dunes of
sand derived from the alluvium and terrace deposits. Where dunes
overlie the alluvium, they serve as an excellent medium for recharge
from precipitation.
The alluvium and terrace deposits are nearly continuous along
all the major steams: the main stem of the Arkansas River and its
Salt Fork, and the Cimarron, North Canadian and Canadian,
Washita, and Red Rivers. Major streams that did not flow off the
High Plains lack deposits of highly permeable alluvium: the Verdigris, Grand (Neosho), and Illinois in the northeast and the Kiamichi
and Little in the southeast. There are a few areas of terrace deposits
that lie a considerable distance from present streams; that northwest
of Enid in Garfield County is an example.
There are gaps along some of the streams where alluvial deposits
are thin or absent and hence are not important as water bearers.
These include, among others, short stretches along the Arkansas in
south-central Osage and northeastern Muskogee Counties; the
stretch of the Cimarron in northwestern Cimarron County and that
from northeastern Beaver County to a point on the Woods-Wood-
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ward County border about halfway between the longitudes of the
north-south segments of the Woodward County border; the North
Canadian River valley in southeastermost Texas County and all but
easternmost Beaver County and at the north corner of the west edge
of Mclntosh County; the Canadian River valley in southwesternmost Ellis and northwesternmost Roger Mills Counties and in short
stretches in western and eastern Hughes County; the Washita River
valley in a short stretch in westernmost Roger Mills County and in
most of its course across and below Murray County; and the Red
River in a few short stretches in southern Jackson, Jefferson, Cotton,
Love, and Choctaw Counties.
Alluvium along the major streams is commonly 40 to 100 feet
thick. That beneath the terraces is commonly thinner but is more
than 100 feet thick in several places, such as in central Woodward
County. The alluvium along the streams is hydraulically connected
with the streams and is recharged from them during periods of high
flow. In turn, the ground water in the alluvium drains into the
streams in dry weather and forms the bulk of their base flow.
Because the alluvium and terrace deposits are, on the average,
fairly permeable, they are rather generously replenished and commonly yield large supplies to wells. For example, recharge of the
deposits along the Cimarron River is estimated to be equivalent to
more than 10 percent of the precipitation. Wells generally yield
100 gpm or more, and yields of several hundred gallons per minute
are common in many areas.
Large quantities of ground water are transpired in the river
bottoms by phreatophytes such as willow, cottonwood, and saltcedar,
especially in the western, drier part of the State. Along the North
Canadian River valley in Canadian County alone, such plants are
estimated to transpire about 40,000 acre-feet of water per year.
SANDSTONE AQUIFERS

Sandstone aquifers containing water of usable quality are present
at feasible drilling depth in several large and scattered areas which
together are larger in total area than either the deposits of the High
Plains or the alluvium and terrace deposits along the streams. The
aquifers collectively are not as productive as the sand and gravel
deposits described previously but they are of great importance because of the size of the areas in which they are accessible, especially
in uplands where water-bearing alluvium is absent and surface water
is not readily available. The principal aquifers are described in the
following sections, in order of age which for the westward-dipping
strata of Paleozoic age means in general from east to west. The last
group, those of Cretaceous age, underlie the Coastal Plain in the
southeastern part of the State.
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ROUBIDOUX FORMATION

The Roubidoux Formation of Early Ordovician. age consists of
about 150 feet of dolomite and interbedded sandstone. It is an
aquifer of substantial importance in a sizable area in Ottawa, northern
Delaware, and eastern Craig Counties in northeastern Oklahoma.
Wells 800 to 1,000 feet deep and locally deeper yield as much as 600
gpm, mostly from the sandstone rather than the dolomite. When
wells were first drilled, about 1900, they flowed at the land surface.
By 1918 most wells had stopped flowing, and water levels are now
several hundred feet below the land surface and are still declining.
The water is pumped mainly for public supply and industrial use; it
is moderately hard but low in dissolved-solids content. Whether the
aquifer can be considered overdeveloped depends on how far the user
is willing to lift the water. The available information is not adequate
to indicate when the water levels might become stabilized at the
current rate of pumping, or at what depth, but it is reported that
the declines slowed in the last few years of the 1950's because of a
reduction in pumping for uses associated with the mining industry.
SIMPSON GROUP
The Simpson Group of Middle Ordovician age includes several
sandstone aquifers that contain potable water and are accessible at
reasonable drilling depths in a part of the Arbuckle Mountains region.
The area lies in southern Pontotoc, northern Johnston, and southern
Murray Counties and small parts.of adjacent counties. A sandstone
of equivalent age crops out in Cherokee and Adair Counties in the
Ozark region of northwestern Oklahoma and supplies water locally
to domestic and farm wells. The sandstones contain highly mineralized water not far downdip from their outcrop areas.
Beneath the Simpson Group in the general area in south-central
Oklahoma described above is the Arbuckle Group of Late Cambrian
and Early Ordovician age, described later in the section on
"Limestone Aquifers."
VAMOOSA FORMATION

The Vambosa Formation of Pennsylvanian age crops out in. a belt
as much as 20 miles wide extending from central. Osage County
southward to the Canadian River valley in southwestern Seminole
County. In and for several miles to the west of its outcrop area it
contains potable water and is an important source of municipakand
industrial water. It consists of 250 to 600 feet of interbedded sandstone, shale, and conglomerate.. Wells in the vicinity of Seminole in
Seminole County yield about 150 gpm; elsewhere, yields range from a
few gallons per minute to about 100 gpm. The water where potable
ranges from soft to hard but is of moderate mineral content.
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WELLINGTON FORMATION AND GARRER SANDSTONE

The Wellington Formation and Garber Sandstone, of Permian age,
consist of alternating shale and fine-grained sandstone and together
form the most important aquifer in central Oklahoma. They crop
out east of the longtitude of Oklahoma City and dip westward, forming an important aquifer in nearly all of Oklahoma and Cleveland
Counties and in adjacent southern Logan, south westernmost Lincoln,
and western Pottawatomie Counties, the general area extending from
the Cimarron across the North Canadian to the Canadian River
valley. The combined maximum thickness of the formations is more
than 500 feet. Wells as deep as 800 feet tap them in the Oklahoma
City area. The transmissibility of the fine-grained sandstone is not
high and drawdowns in wells are great, but some wells yield as much
as 300 gpm and yields of 100 gpm or more are common. The water
is moderately hard in the outcrop area and in most of the downdip
area where it is potable, but in the vicinity of Norman in central
Cleveland County and in parts of Oklahoma City in Oklahoma
County the water is of the sodium bicarbonate type and is soft.
Presumably it is softened by "base exchange" as the water percolates
westward in contact with fine-grained sediments that adsorb calcium
and magnesium ions and release adsorbed sodium ions; this process is
common in the Coastal Plain and has been observed to operate in
other areas also.
Downdip in western Oklahoma County and in McClain County
the sandstones grade into shale and the water becomes highly
mineralized.
The total pumpage from the Wellington and Garber in the area is
estimated to have been 16 mgd in 1960. About half the water is used
for public supply, including that of Norman. The rest is used for
industries, State institutions, and Tinker Air Force Base.
WICIIITA FORMATION

The Wichita Formation of Permian age consists of fine-grained
sandstone and red shale. It is similar to the Wellington and Garber
Formations and of roughly the same age. It is an important source
of industrial and municipal water in an area south of the Washita
River and west of Ardmore in western Carter, southwestern Garvin,
and central and southern Stephens Counties and adjacent small
areas in northeasternmost Jefferson and Cotton Counties. West of
Ardmore, fresh water has been reported to depths of as much as 900
feet, and wells yield as much as 250 gpm. Yields of 100 gpm or more
are common elsewhere. The water in the area described is generally
suitable for municipal and industrial use but around the edges and
locally within the area it is highly mineralized.
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WHITEHORSE GBOTJP

The Whitehorse Group of Permian age, consisting of strata of
fine to very fine grained sandstone and siltstone, dolomite, and
gypsum, is an important aquifer in a sizable area in west-central
Oklahoma, extending from eastern Ouster County and adjacent
southeastern Dewey County southeastward across Caddo and eastern Washita Counties into southwestern Grady County. In the main
outcrop area in the eastern part of the belt the water is unconfined
and the depth to the water table is generally less than 80 feet.
Southwestward the group passes beneath younger rocks, and in
central Washita and Custer Counties and most of Dewey County
the water is too salty for municipal or irrigation use. In and northwest of Dewey County the rocks become progressively finer grained,
and near the Kansas line they are shaly.
Sandstones in the group supply water to hundreds of farm wells,
for many towns and small cities, and to more than 500 irrigation
wells, many of which yield 500 gpm or more. About 30,000 acres
in Caddo and eastern Custer and Washita Counties is irrigated from
wells.
QUARTERMASTER FORMATION

The sandy upper part of the Quartermaster Formation of Permian
age, the Elk City Member, crops out in northwestern Washita,
northeastern Beckham, and southeastermost Roger Mills Counties.
It consists of as mudi as 200 feet of red fine to medium sandstone,
siltstone, and shale. Where sandstone predominates the member
yields moderate supplies of water for irrigation and municipal
supply and defense installations. Development is most intense near
Burns Flat in northwestern Washita County, where about 1 mgd is
pumped for an Air Force base, about 0.2 mgd is pumped for public
supply, and an unknown quantity (but probably something between
1 and 3 mgd) is pumped to irrigate about 3,000 acres. Wells yield
as much as 200 gpm, and the water is of good quality though moderately hard.
TRINITY GROUP AND ASSOCIATED STRATA

The Trinity and Washita Groups and Woodbine Formation of
Cretaceous age are the only post-Paleozoic units containing highly
productive water-bearing sandstone. These units, locally referred
to as the Trinity sands, include valuable aquifers in a belt extending northeastward from southeastern Carter County across Marshall
County and then eastward across southern Johnston and Atoka and
southwesternmost Pushmataha Counties, northern Bryan and Choctaw Counties, and southern McCurtain County. The strata underlie
the entire Coastal Plain in Oklahoma, but at the north edge they
are too thin or dissected to yield much water, and in a belt in the
south they are too fine grained or contain saline water. The latter
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belt, as much as 10 miles wide, runs eastward along the north edge
of the Red River valley across southern Bryan County and all but
southeasternmost Choctaw County. Similarly, in southern McCurtain
County, a belt of unproductive or saline strata widens eastward from
0 in the south-central part of the county to about 15 miles at the
Arkansas line.
The strata consist of clay, sand and slightly consolidated sandstone, gravel, and minor amounts of limestone, anhydrite, and gypsum. Some of the sand is so fine grained that it gives trouble in
wells.
-,
Water is pumped for municipal and industrial use throughout the
productive belt and is beginning to be pumped for irrigation.
Properly constructed wells penetrating the most permeable deposits
yield 450 gpm or more. Wells on low ground in lightly pumped
areas may have a natural flow.
The quality of the water varies greatly from place to place.
Locally fresh water extends to a depth of 800 feet, but locally elsewhere salt water is found at shallow depth.
LIMESTONE AQUIFERS

"Limestone aquifers" include limestone, dolomite, and gypsum
all these being relatively soluble rocks in which cavernous zones
are developed along crevices by circulating ground water and are
the chief water-bearing openings.
AEBITCKLE GROUP

The Arbuckle Group of Late Cambrian and Early Ordovician age
crops out in an irregular area in the northern and western parts of
the Arbuckle Mountains, which lie in Murray, Pontotoc, and Johnston Counties. It passes beneath younger rocks and north of its
outcrop area it underlies the Simpson Group as described under Sandstone aquifers. It crops out also in a small area on the northeast
flank of the Wichita Moutains in the vicinity of Lawton in Comanche
County. It consists of a thick section of limestone and dolomite
which has been tilted, folded, and faulted.
In and near the outcrop area south of Ada, fresh water occurs
in solution cavities to depths of more than 2,500 feet and individual
wells have yielded as much as 2,000 gpm, or even more. Wells at
Lawton yield as much as 600 gpm for industrial use.
Wells in the Arbuckle Mountains area yield water for municipal,
industrial, and irrigation supply. Just west of the mountains, in
northeastern Murray County, the strata are confined and wells will
flow.
Many of the streams flowing from the Arbuckle Mountains, such
as Blue, Mill, and Honey Creeks, are fed by springs issuing from
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the Arbuckle Group. One of the largest, Byrds Mill Springs, furnishes water for the city of Ada.
The water in the outcrop area is hard but only moderately mineralized. At varying distances downdip beneath younger rocks the water
becomes highly mineralized.
BOONE

FORMATION

The Boone Formation of Mississippian age consists largely of
alternating pure and cherty limestone and is an important aquifer
in a large part of the Ozark region of northeastern Oklahoma. The
area in which the formation is of importance as an aquifer covers
the southeastern two-thirds of Ottawa County, southeastermost
Craig and eastern Mayes Counties, all of Delaware County, the
northeastern three-fifths of Cherokee County, and the northern twothirds of Adair County. In Ottawa and northern Delaware Counties
and in small areas in southeastern Craig and northeastern Mayes
Counties the area overlaps that in which the Roubidoux Formation
below is an important aquifer.
The Boone averages about 300 feet in thickness and contains many
fractures, a part of which have been solutionally enlarged. The resulting cavernous rock forms a sizable ground-water reservoir and
is the source of many springs. (See also the description of the Ozark
region in the sections on Missouri and Arkansas.) The springs play
an important part in maintaining the year-round flow of streams
such as Spavinaw Creek in northern Delaware County. The Boone
is estimated to yield an average of 14 mgd to springs in Ottawa
County alone. By extrapolation, it can be estimated that the total
flow of springs in the Ozark region of Oklahoma may be as much
as 100 mgd.
Water from the Boone is hard but otherwise of generally good
quality. In the area of overlap with the Roubidoux Formation the
Roubidoux is preferred as an aquife'r because its water is softer.
The Boone is tapped for public supply by two small towns outside
the area where the Roubidoux is an aquifer, but otherwise its water
is almost untouched.
BLAINE GYPSUM AND DOG CREEK SHALE

The Blame gypsum and the overlying Dog Creek Shale, of
Permian age, form an aquifer in which the water-bearing members
consist of solution-riddled gypsum beds. The aquifer is the youngest
of the major aquifers of Paleozoic age. It is tapped in one large
and three smaller areas in the south westernmost part of the main
body of Oklahoma. The largest area is in southwestern Harmon
County, north of the Red River valley. The next largest surrounds
the junction of Harmon, Greer, and Jackson Counties. Two smaller
areas lie respectively in west-central Greer County and in west-
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central Jackson County, the latter extending just across the line
into southeastern Harmon County.
The pattern of water-bearing openings is erratic, and wells of
large yield and of virtually no yield may lie only tens of feet apart.
Where wells enter sizable openings, large yields are obtained
commonly 500 gpm and locally as much as 2,000 gpm.
The water is pumped to irrigate about 35,000 acres of land. It
is very hard and generally contains 1,500 to 2,000 ppm of sulfate.
Locally it is high in chloride.
MINOR AND LOCAL AQUIFERS

The aquifers described previously are those capable of moderate
to large yields in general, 50 to 100 gpm or more. In most of the
area of the State not covered by the more productive aquifers, the
rocks will yield at least enough water for domestic and stock use
and, locally, 25 to 50 or even 100 gpm. The most productive small
areas in these generally less productive large areas are scattered,
and only as specific information is picked up locally can they be
pinpointed.
Sandstone interbedded with shale, limestone, and coal occurs
widely in the eastern part of the State. The quantity and quality
of the water available vary erratically. Locally salt water is present
at shallow depth, either naturally or as a result of contamination
by oil-field brine. Where the sandstone the chief water bearer
is thin, shaly, or cemented, wells may yield only a few gallons per
minute. Locally, limestone or shale beds serve as minor aquifers.
The best sandstones are those in the area north of the intensely
folded belt of the Ouachita Mountains, in east-central Oklahoma
south of the Canadian and Arkansas Rivers. These sandstones thin
and become shaly northward.
In northwest-central Oklahoma, at the general longitude of Enid,
the Hennessey Shale of Permian age, which overlies the Garber
Sandstone, yields small supplies of water from fractures to domestic
and stock wells. Most of the wells are shallow because the water at
depth tends to be salty. Wells nearly 200 feet deep tapping the
Hennessey near Enid have been tested at rates as high as 200 gpm,
an exceptional yield for shale.
In central-western Oklahoma, siltstone and fine-grained sandstone
beds in the Cloud Chief Formation and the Doxey Member of the
overlying Quartermaster Formation supply water for farm use in
the area of outcrop. Because of the presence of gypsum in both
formations, the water at places is too highly mineralized to be
suitable for drinking.
In southwestern Oklahoma, sandstone beds in several units of
Permian age serve as aquifers locally. These units include the
Wichita Formation, the Duncan Sandstone, the Hennessey Shale,
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and the Whitehorse Group. The sandstones are fine grained and
well yields are small. The water below depths of 100 to 200 feet
is generally too mineralized to be suitable for drinking.
In places in the Panhandle where the Tertiary and Quaternary
deposits are thin or absent, older rocks are tapped locally. In the
eastern part, Permian red beds, principally in the Whitehorse Group,
yield water of high sulfate content to a few wells. In southwestern
Beaver and southeastern Texas Counties a few wells tap water in
Triassic red beds. In Western Texas County and in Cimarron
County a few farm wells tap water in Jurassic rocks.
GROUND-WATER SITUATION BY REGIONS

In the following sections the ground-water situation is described
briefly by regions which accord with those used by the U.S. Geological Survey in its 5-year summaries of water use. The regions are
not entirely satisfactory for this purpose because their boundaries,
which accord .in general with those of major drainage basins, cut
across the aquifers. However, most of the areas of major groundwater withdrawal from individual aquifers fall within regions.
SALT FORK-UPPER ARKANSAS BASIN

The Salt Fork-upper Arkansas basin includes the Arkansas River
basin above Tulsa. The Tulsa area is arbitrarily included in the
Canadian-Cimarron basin.
The only major aquifers are the extensive alluvium and terrace
deposits along the Salt Fork, especially in Alfalfa and Grant Counties ; alluvial deposits along the main stem of the Arkansas; and the
Vamoosa Formation in the eastern part of the region. The only
area of concentrated pumping is that in the vicinity of Ponca City,
above the junction of the Arkansas and the Salt Fork, where the
public-supply wells of Ponca City withdraw a substantial supply
from the alluvium of the Arkansas River.
Water in the Salt Fork of the Arkansas River below Great Salt
Plains in Alfalfa County is too mineralized to be satisfactory for
municipal use. Water in the Arkansas between the mouth of the
Salt Fork and Tulsa also is generally too mineralized to be satisfactory for such use. That in the Arkansas above the mouth of the
Salt Fork exceeds the recommended limit for dissolved solids in
drinking water (500 ppm) during the greater part of the year, but
during periods of medium to high flow the water generally meets
those standards. Even during the dry years of the 1950's the
weighted average dissolved-solids content did not exceed 1,300 ppm.
This means that, if the water had been caught in a reservoir and
mixed to an average dissolved-solids content before release, it would
have been usable for domestic supply even though not of the most
desirable quality. This point is of interest in relation to the pro-

OKLAHOMA

687

posed construction of the Kaw Reservoir in this reach of the
Arkansas.
At places where or times when the streams are carrying saline
water, heavy pumping from nearby wells will induce infiltration
of the saline water to the ground. This situation will need to be
watched in the Ponca City area, for example.
There is considerable pollution of ground water by oil-field brines
in the eastern part of the region.
Sandstone and limestone beds of Pennsylvanian and Permian age
form minor aquifers in the eastern part of the region, in addition
to the more productive aquifer formed by the Vamoosa Formation
of Pennsylvanian age. Additional small to moderate supplies could
be obtained for municipal or industrial use in many places.
In the middle and western parts of the region the bedrock is
predominantly red shale of low permeability. In the western part,
beds of salt and salty water lie at shallow depth.
LOWER ARKANSAS BASIN

The lower Arkansas basin includes the main valley and tributary
basins below Tulsa, except the Canadian River basin; it includes the
basins of the southward-flowing Verdigris, Grand (Neosho), and
Illinois Rivers. The principal aquifers are the Roubidoux Formation
in the northeast corner of the State, the Boone Formation in the
partially overlapping Ozark area, and the alluvial deposits along
the Arkansas River. The water supply of the Roubidoux Formation
can be considered to be fully developed so far as availability of
water at moderate pumping depths is concerned. The Boone Formation supplies water for two small towns and for many farms but in
relation to the size of the available supply it is almost untouched.
More than 100 irrigation wells tap the alluvium of the Arkansas
River between Tulsa and the State line. In 1959< and 1960 the
precipitation was above normal and many of the wells were not used.
The region has a lot of water but is not free of problems. Water in
the Arkansas River except at flood stage is too mineralized to be
satisfactory for many uses. Several tributaries of the Verdigris River
are contaminated by oil-field brines and the quality of the water in
the lower stretch of the river is variable. The low flow of the
Arkansas will be increased and the quality improved with completion
of the Keystone Reservoir on the Arkansas above Tulsa, the Eufaula
Reservoir on the Canadian in Mclntosh County and upstream counties, and the Oologah Reservoir on the Verdigris River. The
reservoirs will also reduce flood peaks and provide for navigation.
Floods are a problem, especially on the Verdigris, Grand (Neosho),
and Illinois Rivers, which drain rather impermeable terranes and
in whose basins rainfall is occasionally very heavy. Neosho River at
lola, Kans., in a period of record including 1895-1903 and 1917-57,

688

ROLE OF GROUND .WATER IN NATIONAL WATER SITUATION

had a maximum flow of .436,000 cfs, a minimum of.O, and an average
of 1,500 (U.S. Geol. Survey, 1960b, p. 31). The maximum flow was
nearly as great as- the maximum reached in Ohio River at Parkersburg, W. Va., during the period 1940-57 (idem, p. 67), to give an idea
of the size of the Neosho in flood. The situation on the river in
Oklahoma has been improved by the completion of two large
reservoirs, Lake o' the Cherokees and Fort Gibson Lake.
Oil-field brines locally contaminate shallow water in minor aquifers
in the northwestern part of the region. Acid water accumulating in
lead-zinc mines as mining declines in the Tri-State region poses a
threat to the water in the Roubidoux Formation below, because the
acid water now has a higher head than that of the Roubidoux and
may leak downward through old drill holes or in fractures in the
rock. Acid water from coal mines is a problem in many parts of the
region.
Construction of navigation locks and dams will alter the natural
equilibrium between water in the alluvium and water in the
Arkansas and Verdigris Rivers. Upstream from the dams the water
table will rise because the higher pools will act as dams to impound
ground water flowing toward the rivers. Drainage problems will
be created, especially in the Verdigris valley where the alluvium is
fine grained. The effects of such changes in the Verdigris.valley and
elsewhere in the Arkansas River basin are the subject of a detailed
investigation being made by the U.S. Geological Survey for the
Corps of Engineers. General principles are discussed in a paper by
Reed and Bedinger (1961).
Patches of saltcedar have been noted along the Arkansas River
and can be expected to spread. Waste of water by evapotranspiration
is not expected to be a serious problem, however, because of the
general abundance of water in the region.
CANADIAN-CIMARRON BASIN

The Canadian-Cimarron basin, the largest of the five regions in the
State, extends from the west tip of the Panhandle to the mouth of
the Canadian River near the east edge of the State. The precipitation
ranges from about 16 or 17 to 44 inches and the runoff from less
than 0.25 inch to about 8 inches.
Major aquifers include the deposits of the High Plains; alluvium
and terrace deposits along the Cimarron, North Canadian, and
Canadian Rivers; the Wellington Formation and Garber Sandstone
in central Oklahoma; and the Vamoosa Formation in Seminole and
Pawnee Counties and the intervening area. Within the region is a
small area of concentrated irrigation pumping from the Rush Springs
Sandstone of the Whitehorse Group, but the pumped area is mostly
in the upper Red basin and is discussed in the section of that region.
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There are areas of concentrated pumping from the deposits of the
High Plains in southwestern and central Cimarron County and
south-central and north-central Texas County in the Panhandle;
from alluvial deposits along the Cimarron in Major and Kingfisher
Counties and along the North Canadian in central Woodward
County, southeastern Blaine County and adjacent area, east-central
Blaine County, and northern Pottawatomie County at Shawnee; and
from the Wellington Formation and Garber Sandstone in Oklahoma
and Cleveland Counties. Locally there is excessive interference
between closely spaced wells penetrating the Wellington and Garber
in Oklahoma and Cleveland Counties, but the water supply of the
aquifer as a whole is not overdeveloped. The problem will be
alleviated within a few years when Norman, Del City, and Midwest
City begin using surface water for public supply.
The concentrated pumping along the Cimarron and North
Canadian is for public supply and irrigation. In central Woodward
County ground water is used for the public supplies of Woodward
and Mooreland and to irrigate about 2,400 acres of crops.
Ground water in the Panhandle is used to irrigate about 75,000
acres of crops. The area in south-central Texas County, the largest
area of heavy pumping in the Panhandle, may be approaching full
development. Otherwise there is no sign of trouble.
Water in the Cimarron River becomes highly mineralized below
the Kansas State line. Water in the Canadian is erratic in quality,
being high in chloride and sulfate salts at times. Water in the North
Canadian below Oklahoma City is unusable for ordinary purposes
because of contamination by oil-field brines. Contamination is a
problem also on certain tributaries of the Canadian and North
Canadian in the eastern part of the region; locally, ground water
also is contaminated.
There is heavy growth of saltcedars along much of the Cimarron
River, along the North Canadian from Beaver to Woodward Counties, and locally along the Canadian. Other phreatophytes, principally
willow and cottonwood, are common in all stream valleys and grow
densely where water is available year round. Discharge of water
by phreatophytes is estimated at 40,000 acre-feet per year in the
North Canadian valley in Canadian County alone, and the total
loss in the region may be 10 times that amount.
Salt beds and salt water lies at shallow depth in the area extending
from Woods and Alfalfa Counties to Roger Mills and Dewey Counties. Exposures of gypsum also are common, and much of the ground
water is high in sulfate as well as in chloride.
A substantial part of the approximately one-third of a billion
gallons per day of ground water pumped in Oklahoma in 1960 was
withdrawn in this region. Nevertheless, the major aquifers are not
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fully developed, and the current withdrawal from them could be
increased several fold if wells wTere located throughout their extent.
Pumping along the streams of course has an effect on surface flow
and that effect would have to be taken into .account.
Minor aquifers in the region include sandstone beds of Pennsylvanian and Permian age in the eastern part of the region, local limestone beds in the southeastern part, and shale and gypsum in the
northwestern. In most places these rocks will supply enough water
for domestic and stock use, though in many places in the western
part the water may be too mineralized to be satisfactory for drinking.
In the eastern part of the region the minor aquifers supply many
small cities and industries and could supply many more. In many
places the aquifers will yield 25 to 50 gpm to wells.
UPPER RED BASIN

The upper Red basin, like the Canadian-Cimarron basin, stretches
over a long distance and has diverse climatic, geologic, and hydrologic
conditions. It extends from the southwest corner of the State to
Choctaw County. More than three-fifths of the irrigated area of the
State, including more than half the area irrigated with ground water,
lies in the region.
Major aquifers include alluvium and terrace deposits along the
Washita River and the Red River and its North Fork, sandstone beds
of the Whitehorse Group and Quartermaster Formation in the northwest, gypsum in the Blaine Gypsum and Dog Creek Shale in the
southwest, limestone of the Arbuckle Group in the Arbuekle Mountains area, and sand and sandstone of the Trinity Group and
associated strata in the southeast.
The heaviest ground-water withdrawals are those for irrigation.
Ground water is pumped from alluvial deposits along the -North
Fork in Beckham County to irrigate about 3,000 acres; it i&.pumped
also for the public supply of several small cities. As-yet Ihere is no
evidence of overdevelopment, and additional wells could1 be installed
if properly spaced from existing wells.
About 35,000 acres is irrigated with water* from the-gypsum aquifer
in Greer, Harmon, and Jackson Counties; some. municipal water
also is obtained from these aquifers. Current studies suggest that
the annual recharge to the aquifers is about 55,000 .acre-feet, about
the same as the draft plus remaining natural discharge. Thus the
area is considered to be about fully developed.
' Alluvial deposits along the lower -North Fork and the main stem
of the Red in Tillman and southern Kiowa Counties supply water
for more than 30,000 acres, as well as water for several? small cities.
The aquifer is believed to be almost fully developed. Water levels
have not been declining recently, but probably because precipitation
in 1957-60 was above normal. Some of the cities using the aquifer
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have expressed interest in obtaining their water from a reservoir
proposed by the Bureau of Keclamation.
The Quartermaster Formation in western Washita County supplies water for about 3,000 acres, for several small cities, and for
an Air Force base. Although the pumping is concentrated in a
rather small area, the rate of recharge is high and no signs of overdevelopment have been noted; the area bears watching, however.
Sandstone of the Whitehorse Group, principally the Kush Springs
Sandstone, supplies water for irrigation in a large area in Caddo
County and adjacent counties. About 30,000 acres is irrigated with
ground water, and the annual withdrawal in 1956-59 averaged about
24,000 acre-feet. The same aquifers supply most of the small towns,
several industries, and most of the rural population; the total withdrawal for these uses is about 5,000 acre-feet per year.
The pumping is concentrated in several parts of this large area,
and in these parts the supply probably is fully developed. Water
levels declined 4 to 6 feet in several areas of closely spaced irrigation
wells in 1956-60, although precipitation was above normal in
1957-60. In parts of the area away from those of concentrated
pumping, additional water could be pumped safely.
In the southeastern part of the region, limestone of the Arbuckle
Group and sandstone of the Trinity Group and associated strata
are tapped only locally. Both supply water for small cities and
industries, and several irrigation wells tap the Arbuckle. An additional several million gallons per day could be readily withdrawn
from the Arbuckle. Ground-water occurrence in the Trinity sands
is more erratic, but large quantities of water could be pumped in
favorable areas.
Minor aquifers include local sandstone and limestone beds in the
northeast, the Wichita Formation in the center, and the Arbuckle
Group in a small area in Comanche County. By means of careful
exploration and planning, a very substantial total supply could be
pumped from these scattered aquifers for industrial or municipal
use.
Water in the Red River, in the North Fork, and in the Elm Fork,
a tributary of the North Fork, is salty because of the presence of
salt beds at shallow depth in the drainage areas. Water in those
streams and also in the Washita River is high in sulfate because
of the widespread occurrence of gypsum in the western part of the
region. In the south-central part of the region many streams and,
locally, aquifers have been contaminated by oil-field brines.
Phreatophytes discharge large quantities of water along all the
major streams. Saltcedar is common along the Red and the North
and Elm Forks and in patches along the Washita.
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LOWER RED BASIN

The lower Red basin, the smallest of the five regions of the State,
includes the basins of the Kiamichi and Little Rivers, the former
entering the Red in Choctaw County and the latter leaving the State
in McCurtain County to enter the Red in Arkansas. The region
includes most of the intensely folded part of the Ouachita Mountains and the eastern part of the dissected Coastal Plain. The
precipitation is the highest in the State and the runoff is as high
as 20 inches per year. The surface water is of generally good
quality.
Sand and sandstone of the Trinity Group and associated strata
and alluvium along the Red River are the principal aquifers. Minor
aquifers include local beds of sandstone, limestone, and novaculite
(a fine-grained rock similar to quartzite, used for whetstones) in the
Ouachita Mountains and vicinity. The Trinity sands supply water
for several small towns and industries; otherwise, the aquifers of
the region are almost undeveloped except for domestic and stock use.
The principal ground-water problem is the erratic quality of the
water in the Trinity sands, which is high in chloride or sulfate.
In the southern part of the belt in which the Trinity sands yield
potable water, well fields capable of supplying at least a million
gallons per day could be developed in many places. In many other
places, including the mountainous area, substantial supplies could
be developed by means of careful well location and pumping.
PROBLEMS, PROSPECTS, AND NEEDS

Oklahoma has a steadily growing agricultural and industrial
economy in which the availability of water is increasingly recognized as one of the principal controlling factors (State Officials, 1960,
p. 278). The State has long been active in planning activities intended, so to speak, to keep Oklahoma ahead of its,.water problems.
The planning agency at first was the Oklahoma Planning and Resources Board; in 1957 the Oklahoma Water Resources Board was
created and assumed the functions of the Division of Water Resources of the Planning and Resources Board. ;The State .participated
actively in the work of the Arkansas-White-Red Basin Inter-Agency
Committee. A voluntary organization, the Arkansas Basin Development Association, Inc., has been formed to continue certain phases
of the Committee's work.
FLOODS

High on the list of Oklahoma's water problems are floods. Torrential rains may occur in any part of the State, and may produce high
flood runoff from drainage areas in a large proportion of which
the soil and subsoil rocks are not permeable enough to absorb precipitation at high rates for long periods. The tremendous volume of
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floodflow in the Grand (Neosho) River, in comparison to average
and minimum flow, gives an idea of the problem.
Substantial reservoir capacity designed entirely or at least in
part for flood control now exists in the State. As of 1960 about
4,500,000 acre-feet of storage capacity existed in Federally constructed reservoirs, and reservoirs totaling another 5,000,000 acrefeet had been authorized and in part were under construction. In
addition was a relatively small amount of storage in non-Federal
reservoirs.
The principal existing reservoirs and those under construction or
authorized are as follows, according to a list of the Oklahoma Department of Commerce and Industry as updated in December 1961 by the
State Water Resources Board:
Reservoir

Texoma_______________
Grand (Lake o' the
Cherokees).
Fort Gibson__ _________
Tenkiller ______________
Salt Plains_____________

Stream
Existing

Red River.____________
Grand River___________

Canton______________
Altus_________________
Atoka_________________
Murray-______________
Fort Cobb_-___________
Wister ________________
Carl Blackwell_________

____do_.__--__-__-__-_
Illinois River __________
Salt Fork Arkansas
River.
Canadian River________
North Fork Red River__
North Boggy Creek____Hickory Creek_ ________
Cobb Creek____________
Poteau River __________
Stillwater Creek._______

Hulah_______________
Fort Supply-_--_______
Heyburn______________

Caney River___________
Wolf Creek____________
Polecat Greek..________

Sponsor

Corps of Engineers.
Grand River Dam
Authority.
Corps of Engineers.
Do.
Do.
Do.
Bureau of Reclamation.
Oklahoma City.
State of Oklahoma.
Bureau of Reclamation.
Corps of Engineers.
Department of Agriculture.
Corps of Engineers.
Do.
Do.
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Serious floods in 1957 and 1959 emphasized the fact that floodcontrol storage still is inadequate. There are no authorized projects
on the Cimarron River. The proposed Crescent Dam, above Guthrie
in Logan County, would provide substantial protection for Guthrie
and the lower valley.
The Keystone Reservoir, under construction on the Arkansas
above Tulsa, will provide protection for the lower valley, but above
the Keystone the only reservoir is Salt Plains on the Salt Fork of
the Arkansas. The State (State Officials, 1960, p. 279) suggests
further study of proposed reservoirs on the Chikaskia and Ninnescah Rivers (the latter in Kansas) and of the proposed Kaw Reservoir
on the Arkansas.
The Oologah Dam, under construction on the Verdigris River in
Rogers County, will provide considerable protection along the main
stem below. The State urges expedition of studies of tributaries
that enter the Verdigris below Oologah Dam. Among them are
Bird Creek and its tributary Hominy Creek, floods in which would
interfere with navigation which has been authorized as far upstream as Catoosa.
The Eufaula Dam on the Canadian River also will help to regulate flows in the stretches of the Canadian and Arkansas Rivers
downstream.
Construction of authorized projects on several tributaries of the
Red River in southeastern Oklahoma should be expedited, according
to the State (idem, p. 279).
Upstream flood protection under the Federal watershed program,
established by Public Law 566, is progressing to the extent that as
of 1960 applications were on file covering 8,479,616 acres in 72
watersheds. Use of the reservoirs and their water for purposes in
addition to flood control is considered essential to get the most out
of them. Cities and individual farmers are urged by the State to
consider participating in storing water in the reservoirs for withdrawal uses (idem, p. 280), though of course to do so may not be
feasible on streams where water rights have already been adjudicated or have been reserved for major downstream reservoirs.
CONTAMINATION

Pollution of streams by domestic wastes is not yet a serious problem, but saline contamination from natural and manmade sources is.
The Salt Fork of the Arkansas River and the Cimarron River carry
large quantities of salt dissolved from natural deposits. The Canadian
is affected by discharge of oil-field brines. Under present conditions, manmade saline contamination will result in rather poor
quality of water impounded by Eufaula Dam, now under construction on the Canadian below the mouth of the North Canadian. Al-
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though oil-field brines f uom new developments in Oklahoma are now
put back underground as a part of pollution-control efforts carried
out under the supervision of the State Corporation Commission,
more satisfactory means are needed for disposing of brines from
older projects. Studies now actively underway in Oklahoma and
Texas should provide the informational base for improvement of
this situation. The U.S. Public Health Service and Corps of Engineers are studying natural and manmade pollution in the Red
River system above Shreveport, La., and along the Arkansas from
Great Bend, Kans., to Little Rock, Ark. -The study is expected to
pinpoint sources of contamination and to lead to proposals for alleviation, such as off-channel storage and evaporation of salt water,
and diversion of salt water to other watersheds having greater
capacity for dilution of the contaminants.
The State Water Resources Board is classifying the streams of the
State with respect to permissible loads of polluting substances, so
as to arrive at reasonable standards for the future protection of the
streams.
Surface water in the southeastern part of the State is of generally
good quality. Even in parts of the State where the streams are
affected by contamination from natural or manmade sourees, there
are many stretches where the water is of usable quality or can be
treated successfully, and the situation can be improved further by
storing floodwater of low mineral content for release during periods
of low flow.
INDUSTRIAL USE AND IRRIGATION

The predictions of future withdrawal requirements cited previously 1.4, 3.67, and 5.21 million acre-feet per year as of 1975, 2000,
and 2025 are based on predictions of increases in demand which
for industry at least are conservative. It is expected that many of
the new industries will obtain their water from municipal systems,
and that the per capita requirement for public supply will increase
from the 81 gpd of 1950 and 103 gpd of 1955 to 148, 185, and 235
gpd in 1975, 2000, and 2025. Self-supplied industrial use, which in
the Nation as a whole is several times the municipal use on a per
capita basis in Oklahoma, is expected to be less than the municipal
use even as late as 1975 and to be only 1.4 times the municipal
use in 2025. If the increase is to be held within these limits, careful
planning of water use and extensive reuse of water will be necessary.
About 300,000 acres of agricultural land was irrigated in 1960.
The State (State Officials, 1960, p. 282) estimates that a total of
about 2 million acres is suitable for irrigation and that, by 2025,
about 660,000 acres will be irrigated. On the assumption that cultivation will be more intensive and will require more water than is
the rule at present, the consumptive use as of that year is estimated
at an average of about 2.3 acre-feet of water per acre per year.
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GROUND WATER

The expected future withdrawal requirements are well within the
potentialities of Oklahoma's water resources, but they are much
larger than those of the present and to meet them will require a
great deal of effort and expense. The State's ground water can help
considerably in the task. Only a few of the major aquifers have
reached or are approaching full development, among them being the
Roubidoux Formation, the Whitehorse Group in its area of intense
development, and the gypsum aquifers of the southwest. Others,
such as the deposits of the High Plains, the alluvial deposits along
streams, and the Vamoosa Formation, are fully developed only
locally. Still others, such as the Boone Formation of the Ozarks
and the Trinity sands in the Coastal Plain, are virtually untouched.
A large part of the discharge by evapotranspiration in areas of
low-value phreatophytes is potentially available for salvage, and
in the western part of the State where water is especially valuable
it may be possible even now to salvage some of the water
economically.
Large quantities of slightly saline ground water are available for
conversion when more economical techniques are perfected.
Artificial recharge may be practical in some areas in the High
Plains, where a part of the small runoff now accumulates in "potholes" and is lost by evaporation; in some areas of limestone aquifers;
and elsewhere.
Perfection and use of methods of intercepting and disposing of
naturally salty water and industrial brines would result in a gradual
improvement in the quality of water in productive alluvial deposits
which now is saline.
Lack of detailed information on ground water will handicap
future efforts to enforce the State's ground-water law, which provides
for adjudication of ground-water rights in designated "critical
areas." The law, enacted in 1949, is described by Hutchins (1955c,
p. 69-71). To date, no "critical areas" have been designated.
Difficulties will be introduced also by the fact that the law recognizes "percolating water" and "underground streams" as separate
bodies when they are not so in fact.
Oklahoma is presently operating under the appropriative theory
of water rights. Statutes enacted in 1889 recognized the right of
a landowner to use water standing on or running over his land.
Though the statutes in effect were repealed by omission from the
1910 Statutes, riparian rights are still recognized but only to the
extent of domestic, household, and stock water (Frank Raab, Oklahoma Water Resources Board, written communication, 1961). Thus
Oklahoma has at least a partial answer to the problem of use of
surface water on nonriparian land. With regard to reasonable use
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of "percolating" ground water, however, the law might be construed
to prohibit export of ground water from the lands under which
it occurs.
Ground-water studies made to date have been limited, but substantial progress has been made in certain areas. Much remains to
be done before ground water can play its full part in meeting
Oklahoma's future water needs.
SUMMARY

The State (State Officials, p. 282-283) presents a concise and helpful summary of steps needed to assure adequate future water supplies.
In general they include two phases: (1) better conservation of
what is available, involving storage of water to even out large
fluctuations in supply and improve quality during periods of low
flow, careful planning of use and reuse of water, and reduction in
avoidable waste; and (2) transfer of water from areas of abundance
to areas of scarcity. The State recommends the following specific
steps:
1. Develop all reservoir sites to their maximum potential for flood
control and conservation storage for beneficial use.
2. Continue to assist in and urge the acceleration of upstream
flood-control projects under Public Law 566, as amended; and
encourage, where practical, storage of water in such projects for
beneficial use.
3. Continue to assist and cooperate in the development of techniques for the interception and safe disposal of naturally saline
waters and industrial wastes.
4. Continue study of the feasibility of moving water from areas
of surplus to areas of deficiency, such as under the proposed
"H.O.W." project (Harnessing Oklahoma's Waters).
5. Insist on conservative use and on maximum practical reuse of
industrial water obtained from both surface- and ground-water
sources.
6. Continue research on improved methods of waste treatment to
reduce future dilution requirements.
7. Accelerate hydrologic investigations and research on weather
control, watershed management, desalinization processes and evaporation control.
8. Continue to cooperate with the Federal Government in the
interest of early activation of proposed and authorized multiplepurpose projects.
Oklahoma has many water problems to overcome, but it has an
active water-resources program in which many projects aimed at
solution of the problems, are to be built. The State recognizes that
expansion of current hydrologic studies is urgently needed to provide
a basis for future policy decisions. Among the many matters of
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policy that will have to be resolved are such fundamental questions
as the proper division of stored water supplies to take care of both
upstream losses by evaporation from ponds and reservoirs and downstream needs for water supply, navigation, and waste dilution. Other
fields in which policy decisions will be needed include integration of
surface- and ground-water uses and rights, control of ground-water
withdrawal, methods of protecting fresh-water aquifers from
contamination, and others.
The State, with the assistance of the Federal Government, by the
end of 1961 had completed 13 major projects; 7 more were under
construction; and 6 were in project-report status and were to be
ready for consideration by the Congress in 1962-64. Also, 527
upstream flood-control projects, commonly known as S.C.S. projects,
had been completed, 80 were under construction, and 802 more were
planned. In addition to the Federal projects, about 22 water-supply
projects had been constructed by municipalities to supplement
existing ground-water sources with water from surface sources.
Substantial progress is being made in the abatement of manmade
pollution from all sources, and studies are underway looking to the
control and disposal of the naturally occurring poor-quality waters
which constitute such a severe problem in Oklahoma.
The State is thoroughly convinced that an abundance of goodquality water is its No. 1 resource, and that the extent to which it
can develop its economy depends primarily on how well it can
manage its water resources.
OREGON
Large water supply concentrated mainly in western part; eastern part
relatively dry and surface-water supply commonly inadequate to meet total
demand. Flow inadequate during summer in many streams even in coastal
area. Ground water abundant in only a few sizable areas but capable of much
further moderate-scale development and, locally, large-scale development.
Precipitation from 8 inches or less in small areas in north center and southeast to 120 inches or more in parts of Coast Range. Is generally 35 inches or
more in Willamette Valley and as much as 100 inches in Cascade Range
and Klamath Mountains. Averages roughly 55 inches in western third and
15 in eastern two*-thirds, and about 27 inches in State. Runoff virtually zero
in a few dry areas; is 0.25 to 0.5 inch in belt across southeastern part of State
and increases westward to 80 inches or more in northern Coast Range and in
Klamath Mountains at California line; averages about 17 inches for total of
78 bgd (88 million acre-feet per year). Oregon has access to Columbia River
on north and Snake River on east; discharges roughly 2 bgd into Washington
in Grande Ronde River and 1 bgd into California in Klamath River; small
quantities cross boundaries in other streams, and some water flows across
Washington border underground.
Ground water present in rocks of fair to high permeability in all but
Coast Range, Klamath Mountains, bulk of coastal slope, and much of central
and northeastern mountains, but in most of State availability is reduced by
low precipitation and recharge or by rugged topography and deep water
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levels. Conditions of permeable rocks, good recharge, and gentle topography
coincide in parts of Willamette Valley, in several basins in central and northeastern mountains, and in patches of dune sand along the coast. Volcanic
rocks in southeastern plateaus and in Columbia Plateaus in north yield
abundant supplies from moderate depths in areas of gentle slope. Cascade
Range largely, and central and northeastern mountains partly, formed by
permeable volcanic rocks which are generously recharged and from which
ground-water discharge maintains relatively high base flow in streams.
Water use large, 10th among conterminous States in I960, and growing
steadily. Estimated total withdrawals were 5,800 mgd surface water and
579 mgd ground water, plus 1,500 mgd (1,700,000 acre-feet) conveyance loss;
all water was fresh. Uses included 220 mgd surface water and 170 mgd
ground water for public supply, 15 and 24 mgd for rural use, 1,000 and .140
mgd for industrial use including only 7 mgd surface water for public-utility
fuel-electric power, and 4,600 and 210 mgd (5,100,000 and 270,000 acre-feet)
for irrigation. Hyclropower use about 1.80 bgd, second only to New York and
two-thirds as high. Withdrawal uses expected to double in next 25 years.
Major problems include need for storage to increase low summer flows,
even in coastal streams, due to low summer precipitation; winter or spring
floods; conflicting agricultural, power, industrial (especially forest-products),
fish and wildlife, and recreational interests; pollution of streams by sewage
and forest-products wastes; and lack-of information on ground-water availability. State Water Resources Board, created in 1955, considering plans for
river-basin development. State feels clarification of Federal-State water
rights needed to facilitate future developments.

Oregon is a State of large total water supply but of sharp contrasts in water availability. Perhaps a fifth to a quarter of the
large runoff from within the State goes to the sea in coastal streams
in the winter months when there is relatively little need for water
for withdrawal uses. About a fifth of the total enters the lower
Columbia in the Willamette River, and though this stream is more
intensively developed that the coastal streams a large part of its
water is discharged during the spring snowmelt and is lost so far
as use at other times of the year is concerned. In a large part of the
State, water is available only at considerable expense for storage or
pumping. Hence, though the total supply is very large, water
availability is a widespread problem.
The western third of the State lies in the Pacific Border and
Cascade-Sierra physiographic provinces and the eastern two-thirds
in the Columbia Plateaus and Basin and Range provinces. The
western third is largely mountainous. Along the northern two-thirds
of the coast is the Oregon Coast Range. Inland is the higher Cascade
Range, which crosses the entire State from north to south. Between
these ranges in the northern half of the stretch between the
California and Washington borders is the large and important
Willamette Valley, which Thomas (1952a, p. 23) defined as part of
an offshoot of his Arid Basins ground-water region, the Alluvial
Basins region of this report (pi. 1). The Klamath Mountains form
the southern third of the coastal mountains. They extend eastward
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to a northward-trending lowland, in line with but less well defined
than the Willamette Valley, which separates them from the Cascade
Range.
The eastern two-thirds of the State lies mostly in the Columbia
Plateaus province, but a substantial area in the south center, narrowing eastward toward the Idaho line, lies in the Basin and Range
province. Because the block-fault mountains of the Basin and Range
province are built largely of rocks of volcanic origin, Thomas
(idem, p. 32) included the part in Oregon and the adjacent areas in
California and Nevada in the area of overlap between his Columbia
Lava Plateau and Arid Basins ground-water regions (pi. 1).
The rocks in Oregon are largely of Tertiary age and of volcanic
origin lava flows and associated volcanic rocks, and sedimentary
rocks representing water-laid volcanic ash and erosional debris from
volcanic rocks. Marine sedimentary rocks and associated volcanic
rocks of Tertiary age make up most of the Coast Range. Somewhat
older and more consolidated rocks, including many of volcanic origin,
form the Klamath Mountains. The Cascade Range and the northern
plateaus and mountains to the east are formed mainly by basaltic
rocks of Miocene and later age. The plateaus and block-fault mountains occupying the southern half of eastern Oregon are formed
mainly by late Tertiary and Quaternary volcanic rocks. Older rocks
crop out in sizable areas in and near the central and northeastern
mountains and in the southeast corner of the State.
Although volcanic rocks are highly prominent as sources of
ground water, especially in eastern Oregon, young unconsolidated
deposits, mainly alluvium and lake deposits, are more important in
certain areas. These include the large Willamette Valley, some
stretches along the Columbia River and large areas south and
southeast of the Columbia east of the Deschutes River, several basins
in the central and northeastern mountains, and several basins in the
Basin and Range province in southernmost Oregon.
The precipitation has a great range. It is less than 8 inches in
parts of the Malheur and Owyhee River basins in Malheur County
and a small area along the Columbia near the mouth of the Umatilla
River in Morrow and Umatilla Counties. It is 8 to 16 inches in most
of the eastern three-fifths of the State, but in the northeastern part
it rises above 30 inches in the Blue Mountains and 40 inches in the
Wallowa Mountains. Westward it increases rapidly to as much as
100 inches in parts of the Cascade Range. It decreases to as little as
35 inches in the Willamette Valley and 20 in the southern lowland
in the general vicinity of Medford. In the Coast Range it increases
to more than 120 inches. In the Klamath Mountains it increases to
as much as 100 inches 10 or 15 miles inland from the coast and then
decreases toward the coast. The average is about 55 inches in the
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western third of the State and 15 inches in the eastern two-thirds.
In the State as a whole the average is about 27 inches.
Some large areas in Oregon have virtually no surface runoff because
of permeable soil and underlying rocks, low precipitation, or both.
One such area is the "High Desert" southeast of Bend. The annual
runoff is less than 0.5 but more than 0.25 inch in a belt a few tens of
miles wide extending from the Nevada line near the Warner Lakes
northward and then northeastward past Harney and Malheur Lakes
along the Malheur River basin to the Idaho line. It is between 0.5
and 1.0 inch in a narrow belt just north of the one just described and
in a broader belt extending northward through the upper Deschutes
and John Day River basins; it then drops below 0.5 inch again a
few tens of miles south of the Washington border. It is 0.5 to 1.0
inch or "a little more southeast of the belt first described above. In
northeastern Oregon it rises to 10 inches or more in the Blue and
Wallowa Mountains. Westward it rise to 40 inches or more in the
Cascade Range. It declines below 20 inches in the Willamette Valley
and the extension of that lowland to the south, and then rises to
40 inches or more in the Klamath Mountains and the Coast Range. It
is 80 inches or more in an area in the Klamath Mountains straddling
the California line and in two high areas of the Coast Range at the
latitudes of Salem and Portland.
The average runoff is about 17 inches twice the 48-State average
of 8%, for a total of about 78 bgd (88 million acre-feet per year)
from Oregon's approximately 97,000 square miles (K. N. Phillips,
U.S. Geol. Survey, written communication, 1961). The high runoff
is due largely to the very wet climate and steep slopes of the Coast
Range and Klamath Mountains and the similar conditions in the
slightly drier but larger Cascade Range.
The figure of 78 bgd makes Oregon first among the conterminous
States in total runoff. Computations made in 1951 by C. H. Hardison
of the U.S. Geological Survey (unpublished data) from the runoff
contours of Langbein and others (1949) reproduced in plate 1 give
for Oregon an average runoff of 13 inches per year and a total of
60 bgd, third to Washington's 68 bgd and California's 64 bgd. The
figure of 17 inches for Oregon is based on a different period of
record that that of 13 inches, as well as on a different method of
computation from more detailed data. What the ranking of the
three States would be if data of comparable accuracy for identical
periods .of record were used is not known, but in any event the
ranking is of little significance. All three States have a very large
total water supply, and they are.the only ones whose average total
runoff exceeds 60 bgd.
Oregon has access to water from outside the State principally in
the Snake and Columbia Rivers. The Snake flowed about 12,850,000
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acre-feet per year, or about 11.5 bgd, in 1923-57 at Oxbow, about in
the middle of its course along the Oregon-Idaho border (U.S. Geol.
Survey, 1960b, p. 70-71); it flows northward into Washington and
joins the Columbia there. The Columbia flowed about 141,500,000
acre-feet per year, or about 126 bgd, in 1878-1957 at The Dalles, below
the mouths of the John Day and Deschutes Rivers but above the
mouth of the large Willamette River (about 16 bgd) and the
smaller sandy River (about 1.5 bgd) in Oregon and the sizable
Klickitat, Lewis, and Cowlitz Rivers (about 1.0, 3.0, and 5.8 bgd)
in Washington (idem, p. 70-71, 88-89). Obviously, the Columbia
represents a very large supply of water whose total is something
like twice the total runoff from within Oregon.
Oregon discharges into Washington about 2 bgd in the Grande
Ronde River (idem, p. 71) and a small quantity in the Walla Walla
River; some water crosses the boundary underground. The Klamath
River discharges about 1 bgd into California. A little water flows
into or out of Oregon in other, smaller streams.
The precipitation occurs largely in the winter; only an eighth
to a fifth of it occurs during the period May-September. July and
August are the driest months; in some places that receive 50 inches
or more of rain and snow annually, the average precipitation during
July and August is only half an inch (State Officials, 1960, p. 285).
In the coastal mountains the precipitation occurs almost entirely
as rain, and thus the bulk of the runoff occurs during the winter.
The coastal streams fall off greatly in flow during the summer
because of the lack of precipitation and of ground-water storage.
The higher mountains inland receive a large proportion of their
precipitation as snow and release it as runoff during the spring melt.
Here, too, the summer flows are small and in places are inadequate,
but they do hold up better than those along the coast because the
rocks in and east of the Cascade Range are, in general, more
porous and permeable than those in the coastal mountains and so
store and release much more water. Even so, there are marked
differences in base flow among streams east of the Cascade Range.
For example, the Deschutes River, which drains the east slope of the
Cascade Range, receives much ground-water discharge; the John
Day River, whose drainage basin is mostly in the east-central area
of poorly permeable rocks, has a low base flow (Piper, 1948, fig. 2).
Storage in surface reservoirs and natural and artificial storage in
the ground are the key to increasing the year-round availability of
water in Oregon.
Water use is large and growing. Oregon in 1960 had a population
of 1,768,687, representing a gain of 16.3 percent in the preceding
decade. Though in population it was about two-thirds down the line
(32d) among the 50 States, in total water use it was 10th. The
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principal reason is irrigation. The total withdrawal use excluding
conveyance loss of irrigation water was about 6,400 mgd, 5,800
mgd of surface water and 570 mgd of ground water, all fresh. The
conveyance loss, representing largely surface water, was about
1,500 mgd (1,700,000 acre-feet). Uses included 220 mgd of surface
water and 170 mgd of ground water for public supply and 15 and
24 mgd for rural use, 1,000 and 140 mgd for industrial use, and 4,600
and 240 mgd (5,100,000 and 270,000 acre-feet) for irrigation. No
ground water, and only 7 mgd of surface water, was used for publicutility fuel-electric power. In hydropower use the State ranked
second to New York; its total was 180 bgd as compared with 270
bgd in New York.
Withdrawal uses in all categories are expected to continue to
increase and perhaps to double in the next 25 years. As of 1954
nearly 2,690,000 acres of land had irrigation rights, and about
1,490,000 was irrigated. The irrigated area increased to about 1,600,000 acres by 1959. More than a million acres needs more water than
it now gets in dry periods. The area actually irrigated is expected
to increase by more than 11/3 million acres within the next 20 to 50
years (State Officials, 1960, p. 287).
Industrial use is not yet as great as it is in many other States,
though it is in excess of a billion gallons per day. It could increase
greatly ^especially in the processing of pulp and paper and other
forest products and especially if a part of the estimated timber waste
of 40 percent could be salvaged (idem, p..287).
Public-supply and rural use of course will increase also as the
population grows. Thus the expectation of doubled water use within
the next 25 years seems likely of realization. To achieve it will
require greatly increased surface storage and ground-water
development.
GROUND-WATER STUDIES

Grounds-water studies on a modest scale have been underway for
some decades, but the State (idem, p. 286) cites lack of information
as, the No. 1 ground-water problem. Studies have been made in
cooperation with several State and local agencies and municipalities;
the principal cooperating agency is the Office of the Oregon State
Engineer.
Early studies made before the cooperative program was begun
include a reconnaissance of the artesian waters of southwestern Idaho
and southeastern Oregon, the area in Oregon covering most of the
southeastern plateaus in MalHeur and Harney Counties and adjacent
counties (Russell, 1903). Water-resources reconnaissances were made
in central Oregon (Russell, 1905), in areas in southern Oregon
including most of Lake County and parts of adjacent Klamath and
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Harney Counties (Waring, 1908), and in the Harney Basin region
on the east, covering most of Harney County (Waring, 1909).
Meinzer's report (1927a) on large springs in the United States
includes descriptions of numerous large springs issuing from volcanic and associated rocks in Oregon, which with Idaho leads the
Nation in the number of "first order" springs those having an
average discharge of 100 cfs or more (idem, fig. 1).
As a part of studies related to potential reservoir sites, Stearns
(1929) described briefly the geology and water resources of the
upper McKenzie River valley in eastern Linn and Lane Counties,
and Bryan (1929) described the geology of the Owyhee irrigation
project along the Snake River and the lower Owyhee and Malheur
Rivers in eastern Oregon and western Idaho.
Stearns (1931) described the geology and water resources of an
area of 8 townships in the middle Deschutes River valley, southwest
of Madras, as part of a study of damsites made at the request of
the Federal Power Commission.
Studies in cooperation with the Oregon State Agricultural Experiment Station produced reports on the availability of ground
water for irrigation in the vicinity of The Dalles (Piper, 1932b);
in the Harney Basin (Piper and others, 1939), an area of internal
drainage in central Harney County forming part of the larger
Harney Basin region described by Waring (1909) ; and in the Willamette Valley (Piper, 1942).
Areas covered in more recent years by substantial reports include
the Walla Walla basin in northeastern Oregon and southeastern
Washington (Newcomb, 1951a), the Baker Valley in Baker County
(Trauger, 1951), the Swan Lake-Yonna Valleys area in southern
Klamath County (Meyers and Newcomb, 1952), the Tualatin Valley
at the northwest edge of the Willamette Valley (Hart and Newcomb, 1956), the entire Klamath River basin in Oregon (Newcomb
and Hart, 1958), the western part of the Cow Creek and Soldier
Creek grazing units in Malheur County (Newcomb, 1961), the
Umatilla River basin (Hogenson, publication pending) and the adjacent upper Grande Ronde River basin (Hampton and Brown,
publication pending) in northeastern Oregon, the Cow Valley in
northern Malheur County (Brown and Newcomb, 1962b), coastal
dune-sand areas near Coos Bay in Coos County (Brown and Newcomb, 1962a) and near Florence in Lane County (Hampton, 1962),
the Prineville area in northwestern Crook County (Robinson and
Price, publication pending), and the west-side business district of
Portland (Brown, 1962). The entire Portland area (including Vancouver, Wash.) is covered by one of the "metropolitan area" reports
on water resources (Griffin and others, 1956).
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Relatively brief open-file reports describe several generally small
areas: Fort Stevens west of Astoria in Clatsop County (Taylor,
1940); the Beaverton area in eastern "Washington County, southwest of Portland (Trauger, 1948) ; the Fort Rock basin in northern
Lake County (Neweomb, 1953), covered later in a detailed report
(Hampton, publication pending); the Schoolie Flat area in Wasco
County (Newcomb and Hogenson, 1956); and the Ana Springs area
in the Summer Lake basin in Lake County (Brown, 1957).
Basic ground-water data for Lake County are presented in an
open-file report by Trauger (1950), and those for the French
Prairie-Mission Bottom area in the northern Willamette Valley are
presented in the first of a planned series of basic-data reports of the
Oregon State Engineer (Price, 1961).
A report of the State Department of Geology and Mineral Industries describes ground-water studies in Umatilla and Morrow
Counties (Wagner, 1949).
Brief open-file reports by Newcomb describe the general groundwater situation in Oregon (1951b) and ground-water conditions in
subareas of the Snake River basin south of the Wallowa Mountains
(1960).
Studies completed to date provide useful but by no means
exhaustive information on ground water in areas totaling about onethird of the area of the State. Studies now underway cover areas
totaling about 20,000 square miles and overlapping in part with the
areas described in completed reports. These include the eastern part
of ..the Portland area, covering an area adjacent to the west-side
business district described by Brown (1962); the Snake River basin
south of the Wallowa Mountains, covered in a preliminary open-file
report by Newcomb (1960); the French Prairie area west of and the
adjacent area east of the Pudding River in the northern Willamette
Valley; and the basin of the-Rogue River, the southernmost major
stream draining to the coast in Oregon. One phase of the Rogue
River study has been completed and is described in an open-file
report that of evaluating the hydrogeology of gaging-station sites
with respect to the adequacy of .the gaging stations in measuring
actual interbasin movement of water (Young, 1961). An earlier
report (Richardson, 1952) evaluates the streamflow records
themselves.
As might be expected, the hydrology of lava-rock aquifers is a
matter of extreme importance in Oregon and other States of the
Pacific Northwest (Newcomb, 1959). A research project on the
subject is underway under the direction of R. C. Newcomb. The
first two of a planned series of reports on the hydrology of volcanicrock terranes have been completed. The first is a report by Newcomb
(1961b) and describes geologic structures which form more or less
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effective subsurface clams in the Columbia River Basalt. Water
accumulates behind these dams naturally or could be made to
accumulate by means of artificial recharge. The second report of
the series is that by Hampton (publication pending) on the Fort
Rock Basin, cited previously. It describes the control on groundwater occurrence and movement exerted by folding and faulting of
the volcanic rocks.
Artificial recharge of aquifers in volcanic rocks is one of the
promising but as yet only sketchily explored means of future water
management in Oregon and adjacent States. A report by Hart
(1958a) summarizes existing artificial-recharge operations in Oregon
and Washington. One by Price (1961) describes artificial-recharge
tests made on a well penetrating basalt in the Walla Walla area,
Washington.
Additional studies needed in Oregon are summarized in a later
section.
GROTJNI>-WATER RESOURCES

Oregon is divided into two areas of sharply contrasting climate
and ground-water availability. The area in and west of the Cascade
Range is relatively wet and that to the east is relatively dry. On
the other hand, the rocks, in general, are relatively impermeable
west of the Cascade Range and relatively permeable in and to the
east of that range. Thus, in a very general way, the rocks best for
absorbing and transmitting water lie in the part of the State where
the opportunities for recharge are poorest.
There are a few important exceptions to this generalization,
however. The Cascade Range itself is formed largely of permeable
basaltic rocks. As a result, the rocks absorb large quantities of
water and transmit it down the mountain slopes. One result is
the concentration of large springs in the middle and southern parts
of the Cascade Range in Oregon. Additional water passes to
greater depths and moves out beneath the plateaus to the east or
into the Willamette Valley to the west.
The Willamette Valley is the largest alluvial valley within the
State. Itself receiving less precipitation than the Cascade Range
to the east and the Coast Range to the west, it has the advantage of
receiving abundant runoff from the mountains so that streamflow is
large (the Willamette River is the largest stream within the State)
and the conditions for recharge to the alluvium are good.
Similar but very much smaller valleys, only a few miles across,
lie in the Rogue River basin in southwestern Oregon: northwest of
Medford along the Rogue River in Jackson County, southwest of
Grants Pass along the Rogue in St. Josephine County, and in the
headwaters of the Illinois River, a tributary of the Rogue, in southwestern Josephine County.
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The only areas of moderately permeable deposits that lie in the
west-coast region of high precipitation are small areas of dune sand,
beach deposits, and alluvium along the coast. Those north of Coos
Bay in Coos County and in the vicinity of Florence in Lane County
were mentioned in the section of "Ground-Water Studies." Others
are mentioned beyond in the brief descriptions of ground-water
areas.
WILLAMETTE VALLEY

The Willamette Valley (Piper, 1942) is a broad alluvial valley
between the Coast Range and Cascade Range, extending from the
Columbia River to, and in narrow fingers southward beyond, the
city of Eugene. Portland lies at the north end of the valley (Griffin
and others, 1956; Brown, 1962). The valley floor and adjacent slopes
are gentle, and therefore favorable for the occurrence of ground
water at shallow to moderate depths. Alluvial deposits of late
Tertiary (Pliocene) and Quaternary age and the Columbia River
Basalt of Miocene age are the principal aquifers. The aquifers are
most permeable along the east side of the upper valley along and
south of the Santiam River, and in a stretch extending northeastward from Salem in Marion County to the junction of Clackamas
and Yamhill Counties.
COAST RANGE AND KLAMATH MOUNTAINS

The Coast Range and Klamath Mountains form the coastal belt
of mountains from the Washington to the California line. They are
built mostly of rocks of Tertiary and greater age which are rather
impermeable. They are characterized by steep slopes and narrow
valleys. Runoff is abundant during the wet winter season and
deficient during the dry summer season. One reason for dry-season
deficiency is the lack of ground-water storage in the rocks.
COASTAL BELT

The coastline is characterized by rugged headlands between which
are reentrants fringed by terraces. In places the terraces are underlain by sandy deposits, but the most important deposits are dune
and beach sand in scattered areas. In addition to those in the vicinities of Coos Bay (Brown and Newcomb, 1962a) and Florence
(Hampton, 1962), sandy deposits are found in an area between
those two, in Douglas County at the mouth of the Umpqua River
north of Winchester Bay; an area in southwestern Coos County at
the mouth of the Coquille River at Coquille Point; an area in
northwestern Tillamook County north of Nehalem Bay at the mouth
of the Nehalem River; and an area it Clatsop County extending
from the mouth of the Columbia River all the way south to Seaside,
north of Tillamook Head. Permeable alluvial fill, rather than dune
and beach sand, underlies an area southeast of Tillamook Bay.
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Recharge to the sand from the precipitation, which exceeds 70
inches in most places along the coast, is very high. At Florence,
for example, the precipitation is about 65 inches per year, and
recharge is estimated at 55 inches per year, or not much less than
3 mgd per square mile (Hampton, 1962). Of the 55 inches about
7 is discharged by evapotranspiration; hence, about 48 inches discharges to the ocean. With suitable precautions to avoid sea-water
contamination of wells or galleries installed near the coast, a
very substantial supply could be developed even though the area of
permeable deposits is only about 18 square miles. Similar conditions
exist in the other areas listed previously.
The dune-sand areas represent an important recreational resource
as well as a potential source of water. There is a proposal to set
aside one sizable area as a national seashore park. Use of the dunesand areas for recreation and as sources of water could be competitive, but also could be reconciled if water were taken from concealed
facilities and in such a way as not to change the natural regimen
appreciably.
CASCADE RANGE

The Cascade Range includes the highest and most rugged mountains in the State. They are wet, but not the wettest because the
coastal mountains remove a large part of the moisture from eastwardmoving air masses. They are, however, much more significant than
the coastal mountains in relation to ground water because in large
part they are formed of permeable volcanic rocks which absorb
large quantities of water from rain and snow. They form the
largest area of highly permeable rocks in the State. The topography
is too rugged to be favorable for ground-water development, but
the recharged water gives rise to large springs and maintains high
base flows in both eastward- and westward-flowing streams, especially
tributaries of the Willamette and the Umpqua on the west slope
and the Deschutes on the east. Also, much water passes eastward
beneath the plateaus to the east and is available to wells in
topographically favorable areas.
CENTRAL AND NORTHEASTERN MOUNTAINS

The central and northeastern mountains include several mountain
masses, lower than the Cascade Range, that extend eastward mainly
between the 44th and 45th parallels and then swing northeastward
to the 46th. Except in the northeastern part of the Blue Mountains
the rocks are largely of low permeability; in that part of the Blue
Mountains they are moderately permeable.
The area is largely one of steep slopes and narrow valleys, but
it includes several intramountain basins such as the Baker Valley
(Trauger, 1951), the Grande Ronde, or LaGrande, Valley (Hampton
and Brown, publication pending), and the Wallowa Valley, where
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both topography and permeability of the rocks are favorable for
the recovery of ground water, and recharge conditions are better
than they are elsewhere in eastern Oregon.
SOUTHEASTERN PLATEAUS

Southeastern Oregon is characterized by high plateaus, mostly
above 4,000 feet, block-fault mountains, and basins of internal drainage. The slopes are mostly moderate to gentle, being steepest along
the edges of the block-fault mountains and adjacent basins. The
precipitation is generally low, not being high even in the mountains;
hence, conditions of recharge are generally poor except at the west
edge adjacent to the Cascade Range. The underlying rocks are
predominantly of volcanic origin and of moderate permeability. They
are least permeable in the southeast, in an area underlain largely by
rocks of early Tertiary age that are of different composition than
the younger Tertiary and Quaternary volcanic rocks. This area
takes in southern Malheur County and the adjacent area in centralsoutheastern Harney County. Within this less favorable area are
some small areas more favorable for ground-water development,
including one of moderately permeable rocks in the Jordan Creek
valley near the Idaho line and a similar area of highly permeable
young volcanic rocks to the northwest, west of the Cow Creek Lakes
at the southwest end of the Mahogany Mountains.
COLUMBIA PLATEAU SLOPE

The Columbia Plateau slope lies east of the Cascade Range and
north of the central and east-central mountains. It is a high lava
plateau sloping generally northward to the Columbia and Snake
Rivers. It is interrupted by structural swells and depressions, the
most prominent swell being the Blue Mountain anticline which
forms the mountains of the same name. The slopes range from
gentle to steep. The precipitation in the western part is about the
same as in the southeastern plateaus, but it rises eastward into the Blue
and Wallowa Mountains, so that recharge conditions in the eastern
part are relatively favorable. The underlying rocks are moderately
permeable; there is one sizable area of highly permeable rocks, in
the Walla Walla basin, which extends across the State line into
Washington.
QUALITY OF WATER

Most of the ground water in Oregon is of fairly good chemical
quality, but there are a few quality-of-water problems. The water in
a number of areas is harder or higher in dissolved solids than is
desirable for the intended use.
The rocks of the western quarter of the State are mostly marine
sedimentary rocks of Tertiary age, and such water as they contain is
671316 O 63
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generally saline. In the Willamette Valley these rocks underlie
fresh-water-bearing alluvium and basalt, and locally in areas of
heavy pumping the saline water has migrated upward and has
contaminated the fresh water as the fresh-water head has been
drawn down.
One such area is the heavily pumped downtown district of Portland, west of the Willamette River (Brown, 1962). Some of the
water withdrawn is discharged back into wells. Although this
artificial recharge is helpful so far as maintaining fresh-water head
and reducing upward migration of saline water are concerned, the
water is at a different temperature than that into which it is injected
and may have the effect of making the ground water less usable
for the purposes for which it is withdrawn from other wells. For
example, water is used on a substantial and increasing scale for
reverse-cycle ("heat pump") heating and cooling of buildings. Cold
water from which heat has been extracted for heating one building
may be injected into the ground and in part may be picked up by
another well whose water is used for the same purpose; obviously,
it is less usable than water at the normal temperature. In the
summer an analogous effect may occur when water that has been used
for cooling is returned to the ground at a higher temperature.
"Return flow" from irrigated land may carry appreciable quantities of salts to ground- and surface-water bodies and may inhibit
further uses of the water for irrigation or other purposes. This
"salt balance" problem is not yet serious in most of the State, but
it is causing concern in the lower Malheur, Owyhee, and Burnt
River basins.
GKOTJND-WATER DEVELOPMENT

Ground-water supplies are obtained from more than 100,000 wells
and springs in Oregon. Most are small and are used for domestic
and stock water, but wells yielding as much as several thousand
gallons per minute are used for public, industrial, and irrigation
supplies, in increasing order of magnitude. Water is being used on
an increasing scale for air conditioning, ordinarily of industrial and
commercial establishments. Ground water is being used on an
increasing scale for heating, including the heating of individual
homes.
WITHDRAWAL USES

Public-supply use of ground water in 1960 was estimated at 170
mgd. That for rural supply was about 24 mgd, representing the
bulk of the domestic water and a substantial part of the stock water
used by rural residents.
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Industrial use is the second greatest use of ground water. That
for self-supplied industries was about 140 mgd. In addition, many
industries and commercial establishments obtained a part or all of
their water from public systems supplied by ground water. The
principal industries using ground water included food processing;
lumber, wood products, and paper; and metal refining and fabricating. The use of ground water by self-supplied industries
approximately doubled from 1955 to 1960.
Irrigation represents the largest use of ground-water an estimated
240 mgd (270,000 acre-feet) in 1960. Water applied ranges from
about 1 foot in the northwestern part of the State to as much as 3
feet in the eastern. Prior to 1955 the State's ground-water law
required registration of wells only in the area east of the Cascade
Range. In 1927-55 about 900 applications were received, mostly for
irrigation wells. In 1955 a new law went into effect, requiring registration of all wells or other works designed to withdraw more
than 1,500 gpd of ground water. In 1955-60 more than 1,900 new
applications were received, more than 95 percent of them for
irrigation wells.
OUTLOOK FOR FUTURE DEMANDS

It seems likely that water use in Oregon will continue to increase
at a rate not less than that of the average for the United States.
The ratio of ground-water to surface-water use, about 1 to 10 in
1960, very likely will increase toward the ratio of something between
1 to 4 and 1 to 5 observed for the country as a whole in 1950-60.
Especially in eastern Oregon, the available supplies of surface water
are rather fully utilized, and additional developments in the near
future will depend to an increasing extent on ground water. In
areas where unexploited surface water is still available, there will
be increasing competition for it, and this too will encourage the
search for and withdrawal of additional ground water. The process
will be self-stimulating because increasing emphasis on the use of
ground water for some purposes will call attention to the possibility
of using it for others. Thus it seems likely that the withdrawal of
ground water will more than double in the next 25 years.
Ground water in 1960 supplied the public water for a population
of nearly 300,000 and domestic water for most of the rural population of about 400,000. Thus the distribution of the demand for
ground water for domestic supply will continue to depend on the
pattern of population growth. In 1950-60 the growth was greatest
in the western third of the State and especially in the Willamette
Valley. The population in the eastern part of the State changed
relatively little, actually decreasing in several counties. The trend
toward urban and suburban growth will increase the demand for
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water for suburbs and small cities, the demands of which are in the
range for which ground-water development is most advantageous.
According to the State Department of Planning and Development> future industrial development also is expected to be most
rapid in the western part of the State, especially in the Willamette
Valley in the Eugene-Springfield area and from Salem northward;
along the Columbia River in all the counties along its course except
Clatsop, the westernmost; and locally in coastal areas where water
is available. Probably the industrial use of ground water will
increase about in proportion to the general growth of industry.
Use- of ground water for irrigation is expected to increase substantially in the northern Willamette Valley; the Albany and
Eugene-Springfield areas in the southern valley; the Klamath Eiver
basin; the counties (Wasco to Umatilla) on the Columbia slope;
northern Lake County; the Harney Basin in north-central Harney
County; the upper Grande Ronde River basin; and smaller areas
including the Baker area in Baker County, the Ontario-Vale-Nyssa
district in northeastern Malheur County, the Ironside area in
northern Malheur County, and the Alvord Valley in southern Harney
County.
GROUND-WATER PROBLEMS

The following table summarizes ground-water problems, either
existing or expected, for which ground-water studies made to date
have not provided enough information to serve as a basis for solution. The table indicates the approximate effort required to obtain
the needed information, in terms of man-years of work by qualified
hydrologists, and the urgency of the problem or need in terms of
priority. "Increasing demands" is listed as a problem because in
some areas it will be difficult to obtain the needed water, and in
others the increasing demands will create competition which will
lead to further problems. "Emergency supplies" is listed as a problem because lack of information on the availability of water for
emergency use could multiply the effect of a disaster. "Lack of
information" is listed as a problem where the lack is such as to
inhibit the development of ground water. "Artificial recharge" is
listed as a problem where there is a demonstrated need for artificial
recharge, or a need for information on the feasibility of artificial
recharge, to maintain water supplies now in use or expected to be
developed.
In addition to the problems listed, there have been shortages
of ground water to meet existing needs in the Milton-Freewater area
(in the Oregon part of the Walla Walla basin), in The Dalles area,
in the Cow Valley in northern Malheur County, and in parts of
the Willamette Valley.
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Existing or expected ground-water problems
rEfequiforetd
(man-

Increasing demands
C
ontamination

Area

Willamette Valley:
Portland metropolitan area..
Salem area. .
Albany area ___ __ .. .
Eugene-Springfield area
Eastern Oregon:
Northeastern Hood River
County __ . .......
Northern Wasco County __..
Sherman County .....

Ir igation

Industrial

X

X
X

X
X
XXXXX
X
XX
X
XXXX

Morrow County.. ...........
Upper Deschutes River
basin....
Upper Powder River valley,
Union and Baker Counties. _ __ ______ .
Enterprise area, Wallowa
County. ........ ...
Ontario- Vale-Nyssa district,

Tillamook area, Tillamook
County.. ..................
Sand Lake area, Tillamook
County . ................
South Siuslaw area, Lane
Coquille Point area, Coos
County _______ ...
Cape Blanco area, Curry
County ____ ....

urban

Waterlog ing

and
drainage

Lack
iof
nformation

a
3
rt

X
X

X
X
X
X

X
X

X
X

X

X

X

X

X

Emergency supplies

XXXX

Artificial recharge

X
X

X
X

X
X
X

X

years)

Priority

2

1
2
3
3

2
3
2
2
2

4
3
4
4
4
3

X
X

2

X

X

1

X

X

X

4
4

X

X

X

X

X

X

X

X

X

X

X

X

«*

2

X

X

X

X

1

3

X

X

Jordan Creek Valley, MalSouthern Harney County. . .
Southern Lake County ......
Coastal areas:
Clatsop sand plains, Clatsop
County_ . ................
Nehalem-Manzanita dis-

Municipaland
sub-

X

X
X

X
X

X

X

3
1
3
2

«*

2

1

3

«*

X

X

X

X

X

X

X

X

X

X

X

X

X

X

4
4
4

2
3

1

3

PROSPECTS AND NEEDS

Oregon has a number of water problems in addition to those
relating to ground water listed previously. Most of them relate
to areal and seasonal maldistribution of water. Floods caused
annual damages of about $20 million, according to estimates of the
Corps of Engineers based on 1952-54 prices and 1939-52 levels of
development (State Officials, 1960, p. 286). The estimates did not
include damages in the Wallowa, Goose Lake, and Klamath basins
and most of the Deschutes basin and many coastal basins. Floods
followed by critical summertime shortages, which among other
effects may (1) restrict mining to winter operations; (2) deny lateseason irrigation water to holders of low-priority rights (who in
attempting to store a maximum amount of soil moisture in the
early spring may apply so much water as to leach out valuable
plant nutrients); (3) necessitate curtailing uses of publicly supplied
water; (4) restrict fish habitat and, because the water of low flows
may be excessively warm, curtail the production of cold-water
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species; and (5) restrict recreational uses at a time when irrigation demands require that reservoirs be drawn down. Irrigation,
the largest withdrawal use, results in consumptive use of perhaps
more than 2 million acre-feet per year (idem, p. 285). Another 2
million evaporates from reservoirs and other open bodies of water,
including about 750,000 from, lakes in basins of internal drainage,
such as Harney and Malheur Lakes. These evapotranspiration losses
will increase as irrigation use and reservoir storage increase.
Pollution is a substantial and growing problem. To meet this
problem there has been a rapid growth in sewage treatment. In
1939 only 93,000 people lived in communities served by sewage-treatment plants. By the end of 1958 there were 168 public and semipublic plants serving about 810,000 people, or about 90 percent of
the population then served by public water supplies. All the same,
more than 100 communities needed new or improved sewage-treatment facilities (idem, p. 288).
Processing agricultural and forest products represents Oregon's
largest industrial use of water. Forest-product plants, especially
paper plants, require large quantities of water and produce large
quantities of wastes which require treatment if they are not to affect
other uses of the receiving streams. Unquestionably the forestproducts industry will continue to grow, especially in view of the
income-producing and employment-creating possibilities inherent in
the desired reduction in timber waste, now estimated to account for
40 percent of total timber production (idem, p. 287). Obviously,
the more the industry grows the greater will be the need for new
process water, or for reuse of water; and the need for waste-dilution
water, or for waste treatment.
Oregon participated in an important legal dispute which marked
the beginning of a period of uncertainty on the part of many States
as to the intentions of the Federal Government in regard to rights
to the use of water originating on Federal lands. The so-called
Pelton Dam case involved an application to the Federal Power Commission for a license to build a power dam on the Deschutes River.
The State refused to issue a license because the plans for the proposed dam did not satisfy State requirements for provision of fishpassage facilities. The Federal Power Commission neverthless
granted a license, and in the case identified as Federal Power Commission v. State of Oregon, 349 U.S. 345, the United States Supreme
Court in 1955 upheld the right of the Commission to issue the license
over the objections of the State.
The decision and subsequent Federal actions in other States have,
in the view of many States, cast a shadow over the rights of the
States to control the appropriation of water within their borders.
A little more than half the area of Oregon is Federal land, and
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the proportion in most other Western States also is high. If the
Federal Government is to reserve or withdraw land and to claim that
the rights to water originating on the land are similarly reserved or
withdrawn, then appropriative rights to the water acquired under
State law may be in doubt. Oregon (idem, p. 285), along with many
other States mostly but not entirely in the West, has called for
clarification of the question. (See Hearings before the Senate Committee on Interior and Insular Affairs, June 15-16, 1961.) Among
the problems facing the States is the realization that State and local
interests are expected to continue to make the bulk of required
investments in water-related facilities, and doubt as to the security
of water rights acquired under State law may tend to discourage
the States and their people from making the required effort (U.S.
Senate Select Committee on National Water Resources, 1961a, p. 65).
Oregon is fortunate indeed in its large resources of water. But,
to overcome problems of uneven distribution of water and so to
guarantee the water base for Oregon's future economy will require
great effort on the part of the State. Oregon in 1955 took a substantial step forward in the creation of a comprehensive water policy
and of a State Water Resources Board to see that the policy is
carried out. The Board is now considering plans for individual
basins. Also in 1955, the State revised and extended the coverage
of its ground-water law, already regarded as a model.
A principal need is for hydrologic information, especially on
ground water and on the possibilities of integrated surface- and
ground-water management making use of the large but only partly
filled storage capacity of the State's aquifers.
PENNSYLVANIA
Large water resources; few critical problems of supply but substantial
problems of pollution and floods; emerging problems of supplying water to
growing urban areas. Precipitation about 38 to 48 inches and averages about 42.
Runoff from a little less than 15 inches to a little more than 30; averages about
20 inches for total of 43 bgd. State has access to Lake Erie along northwest
edge and to Delaware River along east edge; Delaware increases in flow
from about 700 mgd near northeast corner to 7.7 bgd at Trenton and continues
to increase downstream, but water is generally saline below Philadelphia.
Susquehanna brings in about 4.9 bgd and Allegheny and tributaries about 2.9
bgd, both from New York; Monongahela and Youghiogheny bring in about 5.8
bgd from "West Virginia and Maryland. More than 23 bgd discharged into
Maryland in Susquehanna River and about 22 bgd into Ohio and West Virginia
in Ohio River. Small amounts discharged into Lake Erie and tributaries of
Potomac River.
Locally abundant but generally small to moderate supplies of ground water
available. The most productive aquifers are glacial outwash along streams,
principally in northwest and northeast, and unconsolidated sand of Coastal
Plain in extreme southeast. Rocks of Paleozoic age locally yield up to 1,000
gpm but average yield from consolidated rocks is a few tens of gallons per
minute.
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Water use in 1960 about 13 bgd, fifth highest among conterminous States.
Included about 1,200 mgd surface water and 110 mgd ground water for
public supply, 16 and 110 mgd for rural supply, 11,000 mgd fresh and 460 mgd
saline surface water and 300 mgd fresh ground water for industry, and 2.7
and 0.25 mgd for irrigation. Hydropower use about 47 bgd.
Chief problems are floods and pollution of both surface and ground water.
Suburban areas growing rapidly and local jurisdictions having increasing
trouble in providing adequate water supply and sewage disposal. Need to
reserve reservoir sites and growth of irrigation are emerging problems. State
active in water-resources field and future prospects good.

Pennsylvania has a humid climate and a large supply of water.
Water-related problems are numerous but are under continuous
attack and in general are not critical. Pennsylvania was third among
the States in population in 1960 and is among the leaders in industry and in the top third in agricultural production, but its size,
well-distributed water supply, and broad economic base have combined to minimize the seriousness of its water problems in relation
to its capacity to surmount them.
The State is almost entirely in the Appalachian Highlands.
Narrow fringes along the northwest and southeast edges lie in the
Interior Plains (Central Lowland province) and the Atlantic Plain
(Coastal Plain province). Within the Highlands, the State is
divided, from west to east, among the Appalachian Plateaus, Valley
and Ridge, Blue Ridge and New England, and Piedmont provinces.
The Appalachian Plateaus make up the western, northern, and northeastern parts and cover more than half the State. The Valley and
Ridge province and the Piedmont are next largest; the Blue Ridge
and New England provinces occupy relatively small areas in the
south center and east center.
The State is underlain almost entirely by sedimentary or metamorphosed sedimentary rocks of Paleozoic age. Precambrian crystalline rocks crop out in parts of the Blue Ridge and Piedmont. The
rocks in the Appalachian Plateaus are nearly horizontal and are
largely unmetamorphosed. In the Valley and Ridge, Blue Ridge,
and Piedmont provinces they were thrown into huge folds and
extensively faulted and metamorphosed as a result of the earth
movements that formed the Appalachian Mountains at the end of
the Paleozoic Era. In the northwestern part of the Piedmont is a
lowland in which a thick section of Triassic rocks occupies a downfaulted basin; the rocks consist of water-bearing conglomerate,
sandstone, and shale intruded by or interbedded with tabular bodies
of diabase ("trap rock").
Along the southeast edge of the State is a narrow southeastwardthickening wedge of Coastal Plain strata of Cretaceous age. . The
Cretaceous strata crop out in only a few places, being overlapped
by deposits of gravel, sand, and clay of Quaternary age which ex-
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tend northwestward beyond them to mantle the early Paleozoic and
Precambrian metamorphic rocks of the Piedmont. The Quaternary
sediments were brought in by the Delaware River and deposited
in or not far above tidewater.
The northeastern and northwestern parts of the State were
glaciated during the Pleistocene Epoch. At maximum extent the
glaciers covered about the northeastern quarter of the State and the
northwest corner northwest of a line running roughly parallel to
and about 10 or 15 miles northwest of the upper course of the Allegheny River. In the uplands of the glaciated area the drift generally forms only a veneer over bedrock; but in relatively low Erie
County and in small areas in adjacent Warren and Crawford Counties, as well as in small areas elsewhere, it is thick enough to serve
as an aquifer of small to moderate productivity. The hydrologically
most important contribution of the glaciers, however, was in the
form of sandy and gravelly outwash. Interbedded with some silt
and clay deposited in lakes and in quiet stretches of the melt-water
streams, the sand and gravel deposits are found along nearly all
the large valleys in the northwestern and northeastern parts of the
State, within and for some distance south of the glaciated areas. On
the west the Allegheny River received most of the melt water. On the
east most of it went into the Delaware River north of a point 10
miles or so north of Easton. The lower Susquehanna River and the
Schuylkill River received some outwash, however.
The precipitation is rather uniform in both areal and seasonal
distribution. The annual average ranges from about 38 inches near
the east edge of the northern border to 48 inches or a little more
in the highest parts of the Appalachian Mountains. In most of the
State the precipitation is between 40 and 44 inches, and it averages
about 42 inches.
The annual runoff is least, 15 inches or a little less, in the area
of lowest precipitation in the northeast and also in the south center
and along the west edge. In the rest of the State it is 15 inches
or above, and it rises above 30 inches in the higher parts of the
Appalachians. It averages about 20 inches, for a total of about 43
bgd. Detailed information on streamflow and other basic hydrologic
data as of the late 1930's are presented in a report by Mangan and
others (1940).
Pennsylvania has access to the large water supply of Lake Erie
along its 45-mile-long northwestern border. Along its entire east
edge it has access to the Delaware River, which increases in flow
from about 700 mgd in the West Branch at Hale Eddy near the
northeast corner of the State (1913-56; U.S. Geol. Survey, 1960b,
p. 72-73) to about 7.7 bgd at Trenton, N.J. (1913-56). The flow
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continues to increase below Trenton, but the water is generally saline
below Philadelphia.
The Susquehanna River brings in about 4.9 bgd from New York, as
measured in 1937-56 at Waverly. It discharges into Maryland more
than the 23^ bgd measured at Marietta (1931-56), as a number of
small streams enter it in the 30 miles or so of its remaining course in
Pennsylvania.
Tributaries of the Ohio bring in substantial quantities of water
from adjacent States. The Allegheny originates in Pennsylvania
and discharges about 630 mgd into New York (Elred, Pa., 1939-57).
Some miles to the west it reenters Pennsylvania, bringing in about
1.8 bgd (Red House, N.Y., 1903-57). The Conewango enters to the
west from New York, bringing in about 950 mgd (Russell, Pa.,
1939-57), and discharges into the Allegheny. On the south the
Monongahela brings in about 5.3 bgd from West Virginia (Greensboro, Pa., 1938-57), and the Youghiogheny brings in about 460 mgd
from Maryland (Youghiogheny Dam, Pa., 1939-57).
Thus, in its own runoff and that available from other States or
in bordering waters, Pennsylvania has a very large total supply.
Water use also is large, as would be expected from the large
population and industrial and agricultural development. In 1960
Pennsylvania ranked fifth among the States in total use of water.
Less than 5 percent of the water used was saline, and Pennsylvania
was tied with Ohio for fourth place in fresh-water use. The total
withdrawal use of water was about 13 bgd, distributed as follows:
1,200 mgd of surface water and 110 mgd of ground water for public
supply; 16 and 110 mgd for rural supply; 11,000 mgd of fresh and
460 mgd of saline surface water and 300 mgd of fresh ground water
for industry, of which 6,600 mgd of fresh surface water was used
for public-utility fuel-electric power; and 2.7 and 0.25 mgd for irrigation. About 47 bgd, equivalent to a little more than the runoff
within the State, was used for hydropower, but Pennsylvania was
not among the leading States in this use.
A detailed description of water use in Pennsylvania as of 1951
is given in a report by Mangan and Graham (1953).
GROUND-WATER STUDIES

Pennsylvania is one of the classical areas for study of Appalachian
geology, and thousands of reports and papers on the subject have
been published. 'So far as ground water is concerned, the geologic
studies in Pennsylvania are well summarized in a series of six
reports prepared by the U.S. Geological Survey and published in
the 1930's by the Pennsylvania Topographic and Geologic Survey,
the principal agency cooperating in ground-water studies in the
State. The reports, which contain geologic maps at a scale of 6
miles to the inch, provide an excellent basic description of the
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occurrence and availability of ground water, by counties and townships, in the six sections into which the State was divided, as
follows:
*
Area

Southwestern. ___-_.______--_
Southeastern ....-__-_ ___
Northwestern____.--______-__
Northeastern_______________
South-central. _____ __________
North-central..______________

Bull. No.

Author

W-l
W-2
W-3
W-4
W-5
W-6

Piper. ___.__-___--___--_
Hall___---_.-----------Leggette_____._--_-----Lohman.________________
__do._-----------_---....do-....-----------

Year

1933
1934
1936a
1937
1938
1939

A brief summary report on the whole State was published as
Bulletin W-7 (Lohman, 1941a).
Detailed reports on several areas have been published by or are in
press for publication by the State Survey. These include the Pittsburgh area, with emphasis on the most important aquifers, the
valley-fill deposits (Bull. W-8, Adamson and others, 1949) ; Beaver
County to the northwest (Bull. W-9, Van Tuyl and Klein, 1951);
Bucks County north of Philadelphia (Bull. W-ll, Greenman, 1955);
the Lansdale area in Montgomery County northwest of Philadelphia
(Prog. Kept. 6, Eima, 1955); the Coastal Plain in Delaware, Philadelphia, and Bucks County (Greenman and others, 1961); and
the area underlain by the Stockton Formation, the best aquifer in
the eastern part of the Triassic lowland, in Chester, Montgomery,
and Bucks Counties (Eima and others, 1962).
Bulletin W-10 of the State Survey (Van Tuyl, 1951a) describes
the use of ground water for air conditioning at Pittsburgh, one of
the principal uses in the heavily pumped downtown area of that
city.
Other detailed reports include one prepared during World War II
on the ground-water supply of the Keystone Ordnance Works near
Geneva (Jacob, 1944a) and one on the Naval base at Philadelphia,
prepared during the war and updated and released to the open file
in 1952 (Graham and Kammerer). More recently, a detailed report
on Olmsted Air Force Base at Middletown was published by the
U.S. Geological Survey (Meisler and Longwill, 1961). Poth (1962a)
describes the occurrence of brines in western Pennsylvania, with
relation to contamination of fresh water by movement of brines in
abandoned boreholes. The geology and hydrology of the Neshannock
and Mercer quadrangles in northwestern Pennsylvania are described
in recent detailed reports (Carswell and Bennett, 1962; Poth, 1962b).
Three of the Federal Survey's "metropolitan area" reports have
been published as circulars of the U.S. Geological Survey, on southeastern Bucks County (Graham and others, 1951), the Lake Erie
shore region of Pennsylvania (Mangan and others, 1952), and the
Pittsburgh area (Noecker and others, 1954).
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Brief open-file or published reports include two by Graham (1947,
1951) on ground water in the whole State, one by Graham (1945)
on the area of*Triassic rocks and one by Lockwood and Meisler
(1960) on glacial outwash of Illinoian age in southeastern Pennsylvania, and several relating to specific localities: general conditions
at Pittsburgh (Adamson, 1949), the relation of river stages to
ground-water levels at Pittsburgh (Van Tuyl, 1951b), results of a
pumping test at Ambridge, near Pittsburgh (Van Tuyl, 1950),
general conditions at Philadelphia (Graham, 1950), the effect on
ground-water levels at the Naval Base of pumping at a proposed
refinery across the Delaware Kiver at Eagle Point, N.J. (Graham
and Barksdale, 1948), and ground water at the Letterkenny Ordnance Depot at Chambersburg (Graham and Stephenson, 1949).
Certain phases of hydrology of wide interest are discussed in
several reports and papers: on the use of records of ground-water
levels in forecasting river flow, a field in which considerable progress
has been made in planning operation of powerplants in Pennsylvania (Merriam, 1948); on the interpretation of geologic maps in
terms of ground-water conditions, in which the Hollidaysburg
quadrangle in southwest-central Pennsylvania was used as a type
(Thomas, 1953c); on the relation of geomorphology and channel
characteristics to streamflow, in which 16 selected streams in central
Pennsylvania were studied (Brush, 1961); on the relation between
ground and surface water in the Brandywine Creek basin in southeastern Pennsylvania (Olmsted and Hely, 1962); and on the use
of geophysical measurements in boreholes as a means of analyzing
the performance of wells tapping water in two or more aquifers
(Bennett and Patten, 1960).
Hydrologic relationships in the drainage basin of the Delaware
Kiver are the subject of several reports. Of those completed to date
the two most substantial are that on the ground-water resources of
the lower basin (Barksdale and others, 1958), prepared for the Interstate Commission on the Delaware River (Incodel); and a report on
the water resources of the entire basin (Parker and others, publication pending), prepared in connection with the Corps of Engineers'
study of the basin.
GROUND-WATER RESOURCES

The availability of ground water is determined first by natural
conditions the type, distribution, and structure of the rocks and the
physiography and climate and second by the extent to which the
natural conditions have been changed by the actions of man. These
generalizations are true everywhere, of course, but in Pennsylvania
they seem especially true because of the complexity of the groundwater hydrology. The State is underlain by a great variety of rocks
ranging from crystalline rocks of Precambrian age to unconsolidated
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deposits of Cretaceous and Quaternary age. The rocks differ greatly
in the size and shape of the areas they underlie, their composition and
texture, their thickness, their structural attitude and their relation
to each other, and their physiographic expression; all these factors
affect their capacity to store and transmit water. Furthermore, these
factors not only differ from one stratigraphic unit to another but
also vary within a given unit. Hence, though it is possible to
generalize about ground-water conditions in areas of various sizes,
it is rarely possible to predict accurately the availability of ground
water at a specific locality in advance of drilling, even if there are
wells of known performance nearby.
Pennsylvania can be divided into four large areas which can be
distinguished on the basis of age, character, and structure of the
rocks and the physiography. The availability of ground water
differs from one area to another, but there are many similarities also.
The four areas, from southeast to northwest, are the Coastal Plain,
the Piedmont, the mountainous area including the Blue Ridge, New
England, and Valley and Ridge physiographic provinces, and the
Appalachian Plateaus. A fifth "area" can be considered to include
the glacial deposits, which are mainly in the Appalachian Plateaus
but extend into the other provinces.
COASTAL PLAIN

The Coastal Plain is a small area in southeasternmost Pennsylvania, in Philadelphia, Delaware, and Bucks Counties. It lies in the
southeastern area covered by Hall (1934). Within it the important
aquifers, yielding as much as 800 gpm and an average of 500 gpm to
large-capacity wells, are unconsolidated deposits of Quaternary age,
including glacial outwash of Illinoian age (Lockwood and Meisler,
1960) and Wisconsin age, and sand beds of Cretaceous age. The
Cretaceous aquifers include the Farrington, Sayreville, and Old
Bridge Sand Members of the Raritan Formation below and the
Magothy Formation above. The Raritan is the chief water-bearing
formation of the Cretaceous, as the Magothy underlies only a very
small area in Pennsylvania (Greenman and others, 1961, p. 43,
pis. 3, 4).
The native quality of the water in the Coastal Plain aquifers is
generally good. The water in the Raritan and Magothy Formations
generally is of excellent chemical quality except that rather commonly the corrosiveness and iron content are somewhat high. The
water in the Quaternary deposits is variable in quality and may be
low to moderate in mineralization, soft to hard, and low to rather
high in iron content.
The Cretaceous sands and the Quaternary deposits form a hydrologic unit in which water moves mainly in: individual sand strata
but in which there is vertical movement across intervening beds of
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fine-grained material in response to differences in head induced by
pumping. The aquifer extends beneath the Delaware River into New
Jersey, and there is some mutual effect of pumping on the two sides
of the river (Graham and Barksdale, 1948). Under natural conditions water on both sides of the river moved upward from the
Cretaceous into the Quaternary and ultimately discharged into the
river. When the artesian head of the Cretaceous sands was reduced
by pumping, the upward gradient was reversed in some areas of
heavy pumping, and water now moves downward from the
Quaternary to the Cretaceous. Locally, recharge from the river itself
has been induced (Greenman and others, 1961, p. 87). Contaminants
incorporated in artificial fill or deposited on the river bottom tend
to move downward into the Quaternary and thence into the
Cretaceous, and there has been considerable deterioration of groundwater quality in the Philadelphia area. The river itself was a
potential source of poor-quality water, but that situation has
improved with better pollution abatement along the river, so that the
river may now be looked to as a possible source of recharge of water
of better quality than that in the Quaternary in areas of contamination. Below Philadelphia the river is saline except during floods,
so that heavy pumping in that stretch might induce encroachment
of saline water. Full development of the water resources of the
Delaware River basin would have the effect of increasing the low
flow of the river and thus of flushing the salt water farther downstream. Also, a barrier that would have the effect of keeping the
water upstream fresh at all times is proposed for installation at or
below the mouth of the Schuylkill River in southern Philadelphia.
(Seep. 535.)
Thus future ground-water development in the Coastal Plain, like
that of the past, will be affected strongly by the activities of man.
Under optimum conditions, considerable additional development
would be feasible, especially in the area upstream from Philadelphia
(Bucks County). Urbanization of the Bucks County area has the
same potentialities for deterioration of ground-water quality as have
existed in the Philadelphia area, however, and the situation will
need to be watched carefully.
PIEDMONT
The Piedmont forms a broad east-northeastward-trending belt
northwest of the Coastal Plain. It extends far enough northwestward
to include Adams, York, and Lancaster Counties and parts of
adjacent counties on the northwest, and southeastern Berks, Lehigh,
and Northampton Counties. In the southeastern part of the belt
are uplands formed by crystalline igneous and metamorphic rocks
of Precambrian and early Paleozoic age and, extending across the
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middle of York, Lancaster, and Chester Counties, valleys underlain
by limestone and dolomite of Cambrian and Ordovician age. In the
northwestern and northern parts of the Piedmont is a broad lowland
underlain by conglomerate, sandstone, shale, and diabase of Triassic
age and, hence, called the Triassic lowland.
The crystalline rocks yield about 5 to 100 gpm, averaging 15 gpm,
of generally soft water. Locally the water is hard or has a high
content of iron. The limestone yields 5 to 1,000 gpm, averaging 50
gpm, of water that is hard but otherwise of good quality. Many
springs, some large, emerge in its outcrop area. The Triassic
conglomerate, sandstone, and shale form moderately productive
aquifers which underlie a large area in heavily populated southeastern Pennsylvania ancl thus constitute an important present and
potential source of water. They yield 5 to 300 gpm or more, averaging
50 gpm, of generally hard water. The largest yields come from sandstone of the Stockton and New Oxford Formations, the oldest and
hence the southernmost of the generally northward- or northwestward-dipping Triassic strata in the eastern and western parts of the
belts, respectively. The outcrop belt of the Stockton and New Oxford
is as much as 6 or 8 miles wide but narrows or even disappears in
the middle part of the belt because of faulting or overlap by younger
strata. The diabase, which crops out mainly in the middle and
northern parts of the belt, is a poor water-bearing rock, yielding
small supplies of generally soft but locally hard water from fractures
which do not extend very deep.
MOUNTAINOUS AREA

The mountainous area, including the Pennsylvania parts of the
Blue Ridge, New England, and Valley and Ridge provinces, occupies
the broad northeastward-trending belt between the Piedmont and the
Appalachian Plateaus. It is underlain by folded and faulted rocks
which in part have been metamorphosed, especially in the more
intensively deformed southeastern part of the belt. The deformation
and extent of metamorphism decrease northwestward, and ultimately
there is a zone of rather indefinite width in which the folded rocks
give way to the nearly horizontal rocks of the Plateaus.
The mountainous area at its west edge takes in Bedford County
and southeasternmost Somerset County. Northeastward the boundary
passes through western Blair County, central Centre County, southeastern Clinton County, southern Lycoming County, and northern
Columbia and Luzerne Counties. A prong of the Valley and Ridge
province extends northeastward into southeasternmost Susquehanna
County; thence the boundary trends southward to northern Carbon
County and then northeastward across Monroe County and southeastern Pike County to the Delaware River.
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As would be expected, the folded and faulted structure leads to
northeastward-trending belts of rocks of different types. The predominant rock type, if there can be said to be one, is a sequence of
alternating shale, sandstone, and limestone which underlies the
greatest part of the area. The rocks of this sequence yield to wells
supplies of 2 to 500 gpm, averaging 25 gpm, of soft to very hard
water; the largest yields come from the Tonoloway Limestone of
Silurian age and the Helderberg Limestone of Devonian age. "Water
from some shale strata is high in iron content and in hydrogen
sulfide. Water from the Wills Creek Shale of Silurian age is high in
calcium and sulfate, which indicate the presence of gypsum or
anhydrite in the shale.
In the southern and western parts of the mountainous area and
along nearly the entire boundary between that area and the Piedmont
are belts underlain almost entirely by limestone and dolomite of
various ages. These rocks are even more productive than those of
the shale-sandstone-limestone sequence described above, yielding as
much as 1,000 gpm of hard water to wells and giving rise to many
sizable springs.
In the New England province in southeastern Berks and Lehigh
Counties, which can be considered an extension of the Blue Kidge,
are crystalline rocks similar in character, yield, and quality of water
to those in the southeastern Piedmont.
Paralleling the southeastern belt of limestone on the northwest and
extending from south-central Franklin to northeastern Northampton
County is a belt in which shale (the Martinsburg Shale of Ordovician
age) predominates. The shale yields 5 to 100 gpm, averaging 40 gpm,
of moderately hard water which is of generally good quality except
that locally it is slightly high in iron content.
In the eastern part of the area, including the northeastern "prong,"
are belts of folded shale, sandstone, gravel, conglomerate, and
anthracite coal, mostly of Mississippian and Pennsylvanian age.
These yield from almost nothing to 1,000 gpm, averaging 10 gpm, of
water whose quality is generally good except near coal mines, where
it is acidic and high in iron as a result of oxidation of sulfide
minerals. Similar but relatively unfolded rocks, mostly of Devonian
age and including a high proportion of sandstone, underlie other
areas in the eastern part of the mountainous area. The water is of
generally good quality, soft to moderately hard.
APPALACHIAN PLATEAUS

The Appalachian Plateaus area makes up the rest of the State
(including, for the purpose of this report, the narrow strip of the
Central Lowland province along Lake Erie), west and north of the
northwestern boundary of the mountainous area as described pre-
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viously. The rocks are nearly horizontal and are largely of Mississippian, Pennsylvania!!, and Permian age and, in the north and
northeast, of Devonian age. They consist of alternating strata of
shale, sandstone, limestone, and bituminous coal. They yield small
to large supplies, averaging 50 to 75 gpm, of water that is generally
of good quality except near coal mines. The water is generally of
better quality in the eastern than in the western part of the area.
GLACIAL DEPOSITS

Glacial drift thinly mantles the uplands in the east-central, northeastern, and northwestern parts of the State. It is generally unimportant as an aquifer. In the lowland adjacent to Lake Erie in Erie,
northern Crawford, and northwestern Warren Counties the drift
is thick enough in places more than 300 feet to constitute an
aquifer of small to moderate productivity, yielding an average of
perhaps 20 gpm to wells. The water is generally of good quality
but locally is salty because of the presence of saline bedrock beneath.
The most important glacial deposit is stratified drift, both within
and beyond the limits of the areas once covered by glaciers. The
stratified drift, which includes outwash sand and gravel and lake
deposits of silt and clay, is found in nearly all the major valleys in
the northeast and northwest, as well as in McKean and Potter Counties in the north center which were mostly outside the glaciated area.
The glacial melt water drained largely westward into the Ohio River
through the Allegheny River and eastward into the Delaware River,
but the lower Susquehanna River and the Schuylkill River received
some outwash.
The outwash yields moderate to very large supplies up to several
thousand gallons per minute of water of generally good quality
ranging from soft to very hard. Locally in north-central and northwestern Pennsylvania the water is high in iron content. In general
the outwash is the most productive and freely recharged aquifer in
Pennsylvania, and it yields a considerable part of the half billion
o-allons per day of ground water pumped in the State. It is also
the most promising aquifer for future development, though in favorable areas the most productive bedrock aquifers also are capable of
much additional development.
PROBLEMS, PROSPECTS, AND NEEDS

Pennsylvania is a water-rich State, and there is no present or foreseeable overall shortage of water/ Hence, problems ofr water^supply
are largely local. They are problems of determining the local availability of water, regulating the use of water to prevent.overdevelopment, and protecting the water from contamination.
So far as ground water is concerned, overdevelopment at present
is a problem in few areas. The Pittsburgh and Philadelphia areas
671316 O 63
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are rather heavily pumped, but the development, largely industrial,
is reasonably stable in the most heavily pumped localities and there
is no persistent lowering of water levels. In lightly pumped localities within the Pittsburgh and Philadelphia areas, additional water
can be obtained, especially where infiltration from streams can be
induced.
Urban expansion is creating additional demands on ground water
in areas beyond the present extent of municipal distribution systems.
Expansion into Montgomery and Bucks Counties has already created
some danger of at least local ground-water shortages. Pennsylvania
has more than 1,000 public-supply systems, serving 100 to 2,000,000
people, and according to the National Association of Manufacturers
(1961?, p. 12) new systems have been added at the rate of one a
month since 1958.
On the whole, however, much additional ground-water development is feasible. Where development is to be intense, legal control
of the development to prevent overdevelopment or contamination
may be necessary, and the State in its report to the Senate Select
Committee on National Water Resources recognizes this need (State
Officials, 1960, p. 295).
Because of the complexity of the hydrology, locating groundwater supplies is a problem, as well as protecting them from overdevelopment and contamination. Existing reports form a good basis
for more detailed studies of areas of prospective development, but
only a small start principally in the Pittsburgh and Philadelphia
areas has been made on the detailed studies themselves. New techniques need to be developed to enable predicting more accurately
just where and how deep it will be necessary to drill, what quantity
and quality of water can be expected, and what will be the hydrologic effects of withdrawing water at various rates. A research
project entitled "Application of Subsurface Geophysical Methods
to Geologic and Hydrologic Studies in Consolidated Rocks" has been
undertaken to meet a part of this need; its first product was the
report by Bennett and Patten (1960) on analyzing the specific
capacity of wells penetrating two or more separate aquifers. Much
additional research is needed on the general subject of predicting
yields of wells in consolidated rocks, and the results have potentially
widespread significance throughout the United States and the world.
Statewide, the principal water problems at present are floods and
contamination. The abundant precipitation, periodic heavy rains
or rapid snowmelt, and generally high relief in Pennsylvania combine
to make flooding a problem on nearly every stream. The State has
been active in flood control and has made considerable progress.
The large existing and proposed surface reservoirs in the State are
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designed primarily for flood control, although of course they help
to regulate streamflow for water supply, power production, navigation, and waste dilution.
Contamination* of streams and ground water is the other leading
problem. The large population and heavy industrialization have
combined to produce large quantities of pollutants. Mines, chiefly
coal mines, are one of the main sources. Coal and certain ores
contain sulfur compounds which, when exposed to the air in mines
and waste piles, become oxidized to form sulfuric acid. The acid
contaminates both streams and ground water, and is generated in
such large quantities that the problem is far from solved in spite
of the intensity with which It has been attacked. The existing program of the State Sanitary Board has brought about an approximate
equilibrium, so that acid contamination is not increasing, but neither
has it been reduced substantially. The State (State Officials, 1960,
p. 295-296) points out the needs: (1) research to devise additional
means of eliminating or minimizing acid mine drainage; (2) means
for control, at the source, of acid drainage from abandoned or
inactive mines; (3) means to reduce the amounts of water entering
mines and to treat the mine water to reduce its acidity; and (4)
study of the possibility of impounding acid mine waters for release
at times of high flow in streams, or of impounding, fresh water to
dilute acid wastes at times of low flow, v
The U.S. Bureau of Mines, with the technical assistance of the
U.S. Geological Survey, is engaged in a program of' studies in the
anthracite region aimed at solving problems of mine drainage
where these are serious enough to threaten the economic practicability
of mining. One of the principal means of solving these problems
is to devise ways to reduce the amount of water entering the mines.
Any such reduction has the effect of-reducing the somount of acid
waste, as well as of reducing pumping costs.
Though streams are the.principal recipients of acid~«iine wastes,
ground water also has been affected. ,3rrr both *-the' bituminous-coal
fields of western 'Pennsylvania and the anthracite fields of central
and northeastern Pennsylvania the best aquifers have been rather
widely contaminated. The principal *areas in which'contamination
is common are three: in wrestern Pennsylvania, a belt extending
from McKean and Warren Counties southwestward to the State line
in Lawrence and Beaver Counties and then southward into northeastern Washington County southswest of Pittsburgh, and in eastern
Pennsylvania an area extending ^northeastward from Dauphin
County to Carbon and Luzerne Counties and a smaller area extending from west-central Luzerne to northeastern Lackawanna County.
Dewatering subsurface mines rather commonly has the effect of
draining ground water from the rocks above the mines; locally, where
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the rocks are permeable, the draining effect has extended several
miles away from the mines. In some places water has had to be
piped long distances from municipal or industrial systems to replace
supplies from rural wells dried up by such drainage.
In the western area described above, and also in parts of northcentral Pennsylvania, the water in the consolidated rocks at depths
much below stream level is saline, and the saline water tends to
move toward wells when the fresh-water head is reduced by pumping. The movement of saline water is accelerated by the presence
of thousands of abandoned, uncased test holes drilled for coal or
oil and gas (Poth, 1962a).
Contamination of ground water by both domestic and industrial
wastes as a result -of urban expansion is most prominent in the
Philadelphia area, but it is a potential threat in all other expanding
urban areas. Contamination of ground water by sewage and industrial wastes is rather common in the valleys underlain by cavernous
limestone in central and southeastern Pennsylvania.
A type of contamination whose extent and importance are only
beginning to be appreciated is that resulting from movement of
rainwater and snowmelt through sanitary land fill and thence into
aquifers and streams. As the population grows and a part of its
solid waste products accumulate and are disposed of by filling low
areas, the problem is bound to increase and ultimately will necessitate remedial action. This type of contamination, as well as that
resulting from other activities of man, comes in for special attention
in the report on the Coastal Plain by Greenman and others (1961),
which has the subtitle "With Special Reference to the Effects of
Human Activities on the Quality of Water in the Coastal Plain
Sediments." One of the means suggested for making use of contaminated ground water in that area is to locate wells near streams
so that the induced recharge will dilute the contaminated water
entering the wells from the landward side.
The chemical industry, as well as other industries in which
chemical processes are used, is producing an increasing variety of
contaminants some of which are of unknown and possibly high
toxicity or are difficult to remove from water, or both. To these
can be added the synthetic detergents being used increasingly in
homes and industry, pesticides and insecticides used on the farm
and elsewhere, and radioactive substances.
"Thermal pollution" resulting from use of stream water for
cooling, including that involved in fuel-electric power generation, is
an increasing problem in the more highly industrialized localities.
Because heat affects the usability of the water for additional cooling,
reduces the capacity of the water to oxidize organic wastes, or
affects aquatic life adversely, it becomes a pollutant just as much
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to be reckoned with as an objectionable organic or chemical substance
.dissolved or suspended in the water.
Storage of surface water to reduce floodflows and to increase
low flows is bound to be a principal means of attacking Pennsylvania's two chief water-related problems. It might be thought that
this State of high relief would have hundreds of excellent reservoir
sites, and indeed it does but unfortunately the valleys are the best
sites for cities and transportation facilities, and the number and
size of reservoir sites that can be used for storing water without
expensive and perhaps impractical relocation of man-built structures is reduced correspondingly. There are still good unused sites,
but they must be reserved soon or to do so may become impractical.
Irrigation is still small but is growing. According to the State
(State Officials, 1960, p. 298), the amount of land being irrigated
has been doubling every 5 years. As the advantages of supplemental
irrigation in safeguarding and increasing crop yields become more
widely realized, the growth is likely to continue and even to accelerate. Because the use of water is largely consumptive and occurs
during times of minimum streamflow, it will have effects more
severe than might be thought from its small size in relation to total
water use. Recognition of irrigation as a competitive water use of
increasing importance, and of the necessity of establishing firm
water rights for irrigation, are needs that are becoming more
apparent each year. Becoming recognized also is the growing need
for an integrated approach to water problems, so that to the maximum practical extent reservoirs will be built not just for flood
control or waste dilution or water supply or sediment storage or
wildlife conservation, but for "multiple purposes (idem, p. 298).
Pennsylvania's water problems in retrospect seem rather substantial for a State having such a large water supply. Contributing
to their overall severity is a large coal industry whose current
depressed condition and whose large volumes of waste products add
to the State's difficulty in achieving practical solutions. Even so,
the abundance of the water resources and the breadth of the State's
economy provide the means for an ultimately successful attack on all
the problems. Flood control and pollution abatement have been the
chief targets to date; nowT the gathering of hydrologic data and
the development of legal and administrative machinery necessary
to achieve sound water development are beginning to receive the
increased attention they deserve.
PUERTO RICO AND VIRGIN ISLANDS

Puerto Rico is a sizable island of rather large but unevenly distributed
water supply, high population density, and growing water demands. Precipitation from 25 to 30 inches in extreme southwest to more than 200 inches in
highest part of Sierra de Luquillo in northeast; averages about 70 inchefe.
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Amount and distribution of runoff not known accurately, but runoff estimated
to average about 40 inches per year, for a total of about 6 to 7 bgd (7 to
8 million acre-feet per year). Dependable low flow of streams estimated at
about 1.2 million acre-feet per year.
Moderate to large supplies of ground water in alluvium along south coast,
in large valleys on east and west coasts, and locally in small valleys in interior;
and in limestone along much of north coast and along western part of south
coast. Small to, rarely, moderate supplies from bedrock in interior.
Water use substantial and growing. In 1960 fresh-water use totaled about
520 mgd, 61 mgd surface water and 6.8 mgd ground water for public supply,
12 and 2.1 mgd for rural supply, 130 and 29 mgd for industry including 4 mgd
of surface water for public-utility fuel-electric power, and 110 and 170 mgd
for irrigation plus conveyance loss of 34 mgd. About 490 mgd of saline surface
water used for public-utility fuel-electric power generation and 160 mgd for
other industrial purposes; about 1.6 mgd of saline ground water used for
industry. Hydropower use about 780 mgd.
Principal needs are for more surface storage, much of that needed being
economically marginal at present, and for development of ground water.
Economic base still small in comparison to that in most States, but Operation
Bootstrap shows determination and ability of people to surmount problems.
Virgin Islands and island possessions of Puerto Rico are much smaller and
have little water in streams and aquifers. Average precipitation on larger
islands about 45 inches. Total runoff unknown but small; occurs largely in
flash floods. Conditions not favorable for surface storage of floodwater yet
some is warranted by need for water which otherwise serves no useful purpose.
St. Croix and Vieques large enough to have some fresh ground water; others
have very little. Growing needs will require careful study and development of
available surface and ground water, catchment of rainfall, and conversion of
sea water, according to local circumstances.

A quarter of the way around the world to the east from Hawaii
but at about the same latitude, and in a very similar climatic setting,
are Puerto Rico and the Virgin Islands. They are in the middle of
the great island arc known as the Antilles, Puerto Rico being the
easternmost island of the Greater Antilles and the Virgin Islands
just to the east the westernmost of the Lesser Antilles. Geologically
they are closely related, and in this respect the Virgin Islands belong
more to the Greater than to the Lesser Antilles. Meyerhoff (1933)
has presented an exceptionally clear, interesting discussion of the
geologic background and history of Puerto Rico.
The islands of the Greater Antilles Cuba, Jamaica, ffispaniola
(Haiti and the Dominican Republic), and Puerto Rico are huge
upfaulted blocks of a landmass which formerly extended from Cuba
to the Virgin Islands, separated by downfaulted blocks which now
form deep trenches in the ocean floor. The parts of the islands about
which something is known are built largely of volcanic rocks of
Mesozoic and early Tertiary age, resting on a still older landmass
about which almost nothing is known. Interbedded with the volcanic
rocks are limestone and ashy shale deposited in the sea around the
volcanoes. Lapping over them are younger limestone and shale of
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middle Tertiary age and alluvium and beach deposits of Quaternary
age.
Puerto Rico and its islands Vieques and Culebra, and all the
Virgin Islands except St. Croix, are a part of the same brick-shaped,
gently northeastward-tilting block, the northern Virgin Islands
representing simply the tops of mountains that remained above water
when the block was tilted and partly submerged. Mona and Desecheo
Islands of Puerto Rico and St. Croix in the Virgin Islands represent
separate fault "splinters," separated from the larger block by downfaulted blocks.
The volcanic rocks are vastly different from those of Hawaii, and
the islands are no longer volcanic at all in the sense that the Hawaiian
Islands are. The rocks are older in this area Late Cretaceous and
early Tertiary as compared with late Tertiary to Recent in Hawaii.
They are of different composition what geologists call "andesitic"
as compared to basaltic, meaning simply that they contain more
light-colored feldspar and less dark-colored "ferromagnesian"
minerals. The difference in composition led to a great difference in
manner of eruption much more explosive activity producing mostly
fragmental rocks and fewer lava flows, as compared to the relatively
quiet emission of fluid basalt flows in Hawaii. And, of greatest
interest to hydrologists, the rocks of the Antilles were compressed,
folded, and metamorphosed by earth pressures from the south in
early Tertiary time, making them hard, dense, and thus generally
low in permeability (McGuinness, 1948, p. 168-192).
Thus, as water bearers, the volcanic rocks and associated shale
beds are now like the crystalline rocks of the Piedmont province of
the eastern conterminous States, and not at all like the basalt of
Hawaii. The limestone interbedded with the volcanic rocks is also
hard and dense, though it retains the familiar solubility of limestone
and is cavernous and water bearing locally. It crops out in such
small areas that it is hydrologically unimportant, however.
These hard, relatively impermeable rocks form the bulk of Puerto
Rico, Vieques, and St. Croix and, except for a little alluvium and
some beach deposits, all of Desecheo, Culebra, St. Thomas, and St.
John, as well as Tortola and Virgin Gorda in the British Virgin
Islands. On the north and south coasts of Puerto Rico, in central
and southwestern St. Croix, and in small headlands on the south
coast of Vieques the older rocks are mantled by limestone, marl, and
shale of middle Tertiary age which in part are water bearing. Mona
Island off the west coast of Puerto Rico and Anegada in the British
Virgin Islands are platforms built of similar strata. The smaller
islands off Puerto Rico and in both the American and the British
Virgin Islands are mostly built of the hard rocks but include a few

732

ROLE OF GROUND WATER IN NATIONAL WATER SITUATION

small, low islands made of limy rocks or rubble of Tertiary or
Quaternary age.
Alluvium of Quaternary age partly fills the valleys on all islands.
It underlies sizable areas and is a highly productive water bearer
only on Puerto Rico, where it occupies large valleys on the west and
east coasts and forms a substantial coastal plain on the south. It is
locally important on St. Croix and Vieques and, to a lesser extent,
on St. Thomas and St. John and perhaps on Culebra, Tortola, and
Virgin Gorda.
Hydrologically, the area being discussed can be divided sharply
into two parts the main island of Puerto Rico, and the smaller
islands. Puerto Rico is large enough and high enough to receive
a large amount of precipitation, and it has drainage areas and
aquifers large enough to yield substantial amounts of water. The
smaller islands receive much less precipitation, they lack sizable
drainage areas and perennial streams, and their aquifers are small
and poorly productive.
PUERTO BICO

Puerto Rico has a mild tropical climate, tempered by the trade
winds. The average precipitation, all in the form of rain, is about 70
inches. It is 50 to nearly 70 inches mostly in the 60's along the
north coast, in the general neighborhood of 100 inches along the
Cordillera Central, and about 25 to 50 inches mostly in the 30's
along the south coast. The wettest area is the Sierra de Luquillo at
the east end of the island, where the weather station at an elevation
of 2,050 feet receives about 180 inches but the highest peaks, nearly
3,500 feet high, receive more than 200 inches. The driest part is the
south coast, where the rainfall decreases from east to west owing to
the "rain shadow'' effect of the Cordillera Central. The east and
west coasts are within the zone of orographic effect "of the Sierra de
Luquillo and the high west end of the Cordillera Central, respectively, and are a little wetter than average for the island.
Because of the high and equable temperature and the constant
movement of the trade winds, evapotranspiration is high and a given
amount of precipitation is less effective in producing runoff and
ground-water recharge than it is in the conterminous States. An
area in the Upper Peninsula of Michigan receiving about 30 inches
of precipitation has a definitely humid climate and about 15 inches
of runoff; a typical area receiving 30 inches in Puerto Rico is almost
a desert rocky and cactus-covered hills and salty playas, and only
a little storm runoff and no perennial streams.
Data on runoff for the years prior to 1957 are few and scattered.
Before 1957, when the Geological Survey began a systematic waterresources investigation in cooperation with the Puerto Rico Water
Resources Authority and other Commonwealth agencies, the only
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systematic program was that of the Water Resources Authority at 1Y
recording and 63 nonrecording stations, operated at different times
mostly to obtain data on low flow rather than average or flood flow
(Arnow and Bogart, 1959?, p. 12Y; Bogart and others, 1960, p. 38).
According to estimates of the Water Resources Authority (State
Officials, 1960, p. 395, 406), based on runoff into four of the Authority's reservoirs and on comparison with conditions in the vicinity
of San Francisco, Calif., the runoff averages about 60 percent of the
average rainfall of YO inches. This would be about 42 inches, or
about Y 1/^ to 8 million acre-feet of the average of 12% to 13 million
acre-feet per year of rainfall.
The writer believes that the comparison with the San Francisco
area may not be valid for the lower rates of precipitation for example, about 30 percent for a rainfall of 30 inches, or 9 inches of
runoff. The average runoff in areas in Puerto Rico that receive
rainfall as low as 30 inches may be considerably less than 9 inches.
The driest basin in Puerto Rico for wrhich the measured runoff was
used in the estimate was that above the Patillas Reservoir, where
the rainfall was about Y5 inches and the runoff about 61 percent,
or 46 inches. The relation between rainfall and runoff in Puerto Rico
may begin to depart significantly from that in the San Francisco
area in the range between 60 and 50 inches of rainfall. The area
in Puerto Rico in which the rainfall is less than, say, 55 inches is
roughly one-sixth of the island's total area. The average runoff in
that part is probably several inches less than would be assumed
from the relationship used by Water Resources Authority, and the
effect of the difference would be to reduce the island average from
42 inches to perhaps something around 40 inches. Though not large
percentagewise, the difference is significant because it affects the
driest part of the island.
The Commonwealth (idem, p. 395) estimates the dependable
average annual flow of the streams at 1,230,000 acre-feet. This figure is based on the estimated dry-season flow and can be increased
only by means of storage. Reservoirs built to the date of the Commonwealth's report (1959) for community water supply, irrigation, and
power had a total capacity of 218,800 acre-feet and provided partial
regulation of the flow of streams whose estimated average total flowis about 9Y5,000 acre-feet per year. Sites for possible future development would add 320,000 acre-feet of storage capacity on streams
having an estimated average total flow of about 1,600,000 acre-feet
per year (idem, p. 402).
The records collected at stations installed in the program that began in 195Y are not yet long enough to permit substantial refinement of existing estimates of runoff from the different basins. The
division of the year into pronounced wet (May, August-November)
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and dry (December-April, June-July) seasons and the steep gradients of the streams lead to rapid runoff in wet weather and very
low flows in the dry season. The wetter climate of the north slope
of the island has reinforced the erosive power of northward-flowing
streams, which have pushed the drainage divide southward. 8
Thus the north slope has longer streams draining larger basins.
The south-coast streams have high flow in wet weather and low
flow or no flow at all in the dry season.
With a few exceptions, even the larger streams of the island decline
in flow to a comparative trickle in the dry season. Measurements or
estimates made in the spring of 1957 of the dry-season flow of the
major streams in their lower courses showed the following results for
the larger streams (idem, table 6, p. 403; streams listed clockwise
around the island):
Observed flow
Stream
Rio Grande de Lof za_ _. _
Rio Grande____________
Rio Mameyes__ ________
Rfo
Rfo
Rio
Rfo
Rfo
Rfo

Fajardo_ __________
Blanco--_--_--____
Humacao_-_-______
Guayanes__________
Maunabo-----_-___
Guanajibo-________

Rfo Grande de Anasco_ _
Rfo Culebrinas- ________
Rfo Guajataca_ ________
Rfo Camuy_ ___________
Rfo Grande de Arecibo
(regulated by Dos Bocas Reservoir).
Rfo Grande de Manatf__
Rfo Cibuco_ ___________
Rfo La Plata___________

Place
Road 3 at Carolina ___________
Road 3 at kilometer 25.2______
Road 3 at kilometer 32, at Palmer.
Road 3 at kilometer 50.2______
Road 3 at kilometer 72.2._____
Road 3 at kilometer 85.2______
Road 3 at kilometer 98.4._____
Road 3 at kilometer 110.2_____
Road 2 at kilometer 192. 8.__

Central IgualdacL____________
Central Coloso_ ______________
Mouth______________________
Central Rfo Llano_ ___________
Central Cambalache__________
Road 2 at kilometer 53.5______
Old Road 2 near Central Carmen.
Road 2 at kilometer 23.1, at
Dorado crossing.

Cubic feet
per second
36. 67
21.51
16. 84

Million
gallons
per day
23. 7
13.9
10. 9

11.75
10 (est.)
9.05
28.91
12.69
12 (est.)

7.6
6
5.8
18.7
8.2
8

80 (est.)
43. 50
20. 39
63. 23
80 (est.)

50
28. 1
13. 2
40. 9
50

112.44
25.92

72.7
16.8

65.96

42.6

The total measured or estimated flow of the 57 streams observed
was 706 cfs, or about 456 mgd. Beginning with the Rio Jacaboa on
the southeast, all the south-coast streams westward to and including
the Rfo Loco were dry except the Rios Patillas, Arroyo, Descalabrado, Tallaboa, and Guayanilla, the aggregate flow of which was
only about 7 cfs. A few of the south-coast streams have reservoirs
8 Although, in the geologic past, the northward-flowing streams must have done more
eroding and carried more suspended and dissolved rock material than the southward>flowing streams, the southern streams carry more sediment at present. This is as to be
expected under present conditions of climate and stream gradients.
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in their headwaters, and water including, for some reservoirs,
water diverted from the north slope was being stored for use for
power generation and irrigation. In the absence of reservoirs a few
of the dry streams might have had some flow at their mouths,
but judging from the uncontrolled streams not very much.
Floods are another story. The floods of 1960 in eastern Puerto
Rico which attended the passing of Hurricane Donna give an idea
of the flood potentialities of the streams (Barnes and Bogart, 1961).
On many streams they were the highest yet observed. Rains totaling
10 inches or more in less than 24 hours in a large area produced
floods in every basin from that of the Rio Grande de Manati eastward. Flood discharges in the Rios Humacao, Turabo, and Valenciano were the greatest known and were among the highest observed
to date anywhere in basins of 6 to 15 square miles. Peak discharges
Avere measured at 24 sites; they ranged from 295 cfs per square mile
from 48.4 square miles of the Rio Coamo basin to 4,200 cfs per
square mile from 6.86 square miles of the Rio Valenciano basin. The
peaks at 8 of the stations exceeded a "Myers rating" of 80 percent
and at 4 equaled or exceeded 100 percent. A Myers rating of 100
percent means that the flow, in cubic feet per second, is 10,000 times
the square root of the area of the drainage basin, in square miles
that is Q= 10,000 A0 -5 (idem, fig. 10).
According to Barnes and Bogart (idem, p. 7), available records
on streams in the United States and some foreign areas listed only
14 other floods from basins of less than 250 square miles that exceeded a Myers rating of 80 percent. The peak flow of the largest
stream in Puerto Rico, the Rio Grande de Loiza, was 197,000 cfs
from 239 square miles, and the Myers rating thus was about 127
percent.
Commons (1961, p. 4322-4323) believes that the Myers formula is
not suitable for comparing floods from drainage areas of greatly
different size. He cites a 30,000-square-mile area in Texas in which
the formula Q=4,326 A0-815 gives ratings near unity for maximum
floods from drainage areas up to about 800 square miles. One stream
which had a peak flow of 580,000 cfs from 402 square miles would
have a rating of about 1.01 according to Commons' formula, whereas the Myers rating would be 289 percent.
Regardless of the validity of the Myers formula, and even though
the flood on the Texas stream was more spectacular than any of
those in Puerto Rico, the floods in Puerto Rico are truly impressive.
Some idea of future possibilities can be gained by comparing the
rates of rainfall that produced the 1960 floods with the probable
maximum rates as worked up by the Weather Bureau in a report
prepared for the Soil Conservation Service (U.S. Weather Bureau,
1961). Rains as great as those of 1960 can be expected to occur, on
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the average, at least once a century and perhaps oftener, judging
from the maps in the cited report showing expected 25-, 50-, and
100-year 24-hour rainfall (idem, figs. 4-53 to 4-55, p. 62-64).
GROUND-WATER RESOURCES AND DEVELOPMENT

The principal aquifers in Puerto Rico are alluvium of Quaternary
age along the south coast, in valleys on the east and west coasts,
and in a few valleys in the interior; limestone of middle Tertiary
age on the north and south coasts; and "bedrock" of Late Cretaceous
and early Tertiary age in the interior. As of 1947 about 250 to 300
mgd was pumped from wells in the island, about 200 to 250 mgd
for irrigation, 15 to 20 mgd for industrial uses, 7 or 8 mgd for
public supply, and several million gallons per day for rural domestic
and stock supply (McGuinness, 1947, p. 571). Pumpage along the
south coast was about 200 mgd, most of the water coming from wells
penetrating alluvium although Tertiary limestone or sand is locally
important, and most of it being used for irrigation. About 10 mgd
was pumped from limestone for irrigation along the north coast
east of Arecibo. Ground water for industrial, public-supply, and
rural uses was pumped from wells penetrating the more productive
aquifers all over the island, including bedrock wrhich appears to be
more productive than average in the Cayey area in the east-central
interior and in the small Rincon Valley on the west coast.
The total area irrigated as of 1947 was roughly estimated at
120,000 acres (McGuinness, 1948, p. 597). Of this about one-fourth
or one-fifth was irrigated exclusively with surface water, including
about 8,000 acres in the Isabela Irrigation District on the nortnwest
coast and a part of the South Coast Irrigation District. A smaller area
was irrigated exclusively from wells. The remainder, including most
of the principal irrigated area along the south coast between Ponce
and Patillas, received water from both sources. The ground water
is replenished largely by percolation to the water table of a part
of the water either surface or ground water that is applied for
irrigation. Lesser amounts of recharge are derived from local
precipitation and floodflows in streams.
As of 1947, ground water along the south coast appeared to be
almost fully developed. In view of the narrowness of the coastal
plain and the very heavy rate of pumping more than 1 mgd per
square mile (McGuinness, 1948, p. 386) it is remarkable that there
had been no more salt-water enroachment than that which had
occurred in a few scattered localities. Nevertheless, there have been
no serious declines in water level since 1947, and additional withdrawals may be possible in favorable localities. In the coastal plain
as a whole, the extent of future development will depend largely
on the amount of surface water that can be made available for irrigation and ground-water replenishment, and on limitations imposed
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by salt-water encroachment and by salt buildup resulting from recirculation of irrigation water.
Data for 1960 furnished by Ted Arnow of the U.S. Geological
Survey (unpublished data) indicate a total ground-water pumpage
of about 262 mgd about 210 for irrigation, \ 3 for public supply, 33
for industry, and 6 for rural domestic and stock and miscellaneous
uses. These figures are larger than those given by MacKichan and
Kammerer (1961b), and the discrepancy illustrates simply the
sketchiness of the source data, in Puerto Rico as elsewhere in most
of the United States. MacKichan and Kammerer show the following,
for fresh water: 61 mgd of surface water and 6.8 mgd of ground
water for public supply, 12 and 2.1 mgd for rural supply, 130 and
29 mgd for industrial supply including 4 mgd of surface water for
public-utility fuel-electric power, and 110 and 170 mgd for irrigation.
An additional 34 mgd of water diverted for irrigation, mostly surface water, was accounted for by conveyance losses before the water
reached the fields. About 490 mgd of saline surface water was used
for public-utility fuel-electric power generation and 160 mgd for
other industrial purposes; in addition, about 1.6 mgd of saline ground
water was used for industry. Hydropower use was about 780 mgd.
The irrigation demand for ground water is not expected to increase
materially in the foreseeable future. Pumpage for public supply
. and rural use is expected to increase about 10 percent per year for
some years -to come. By 1965 a minimum of 25 mgd more from all
sources wiH be needed for industrial use; a part of it will come from
wells and the rest from streams. A large part of the need is arising
in areas where both ground water and surface water already are
exploited heavily; thus, importation from distant sources will be
necessary.
In 1945, when the Puerto Rico Aqueduct and Sewer Service (now
Authority) began its expanded .program of public water supply,
only about a tenth of the population was served safe water 24 hours
a day. As of 1959 (State Officials, 1960, p. 395-404) the urban population of 1,050,000 (48 percent of the total) and 580,000 of the rural
population of about 1,250,000 living in all 76 municipalities had
access to safe public water, and everywhere except on the island of
Culebra (a part of the municipality of Vieques) public water was
available 24 hours a day. Of the 75 principal towns and cities on the
main island, 17 were supplied water f roiir wells and 53 were supplied
filtered surface water; 5 others were being supplied chlorinated but
unfiltered surface water, but filter plants for all 5 were under
construction and were to, be in service in 1961.
Most of the rural population having access to public water was
served by small rural systems that were in addition to the systems
supplying the 75 principal towns and cities.
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As of 1959 the Aqueduct and Sewer Authority produced an average
of about 90 mgd of water, and the production was rising at about
5 percent per year. About 6 percent of the 90 mgd was used to
backwash filters and about a quarter of the rest represented "transmission losses" through leaky pipelines. Thus the water actually
delivered to customers amounted to about 64 mgd, as follows: residential, 40 mgd; commercial, 13.5 mgd; industrial, 7.5 mgd; and
public faucets, 2.5 mgd.
There were three Commonwealth-supplied irrigation districts, the
principal or South Coast Irrigation District and the Lajas Valley
Irrigation District in the southwest (the latter completed only
recently and only partially in operation as of 1959), both supplied
from reservoirs on both south and north slopes; and the Isabela
Irrigation District in the northwest, supplied from the Guajataca
Reservoir on the Rio Guajataca. The three districts, according to
the Commonwealth report, used about 330,000 acre-feet of water per
year as of 1959 about 260 or 270 mgd. This figure exceeds considerably that given by MacKichan and Kammerer for the total
surface-water diversion (including conveyance loss) for irrigation;
furthermore, some surface water is diverted and used for irrigation
by private individuals and companies.
The total hydropower potential has been estimated at 700 million
kilowatt-hours per year (State Officials, 1960, p. 396). The production
as of 1959 was about 300 million kilowatt-hours per year at 19 plants
ranging in installed capacity from 640 to 20.000 kilowatts and totaling
about 109,000 kilowatts. About 574,000 acre-feet of water per year
was reported to be discharged at the tailraces of the plants. Of this
about 193,000 acre-feet was delivered to the irrigation districts, about
11,000 acre-feet was used for public water supply, and the rest went
largely unused to the sea. Owing to the rising cost of developing
hydropower, future powerplants are expected to be largely of the
fuel-electric type.
Following are brief descriptions of ground-water conditions in
21 areas into which Puerto Rico has been divided, beginning with the
San Juan area and going counterclockwise along the coast around
the island to the Rio Grande-Rio Piedras area east of San Juan,
passing on to the Caguas and Cayey areas in the interior, and ending
with the upland area, which is largely in the interior but reaches
the coast in headlands between certain of the coastal areas.
SAN JUAN AREA

The San Juan area includes the municipality of San Juan, an
island, and adjacent parts of the municipalities of Rio Piedras,
Bayamon, and Catano on the east, south, and west. The principal
aquifer is the Aymamon Limestone of middle Tertiary age in the
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narrow, dissected coastal plain. The ground-water pumpage in 1960
was about 4 mgd, mostly for industrial use; supplemental pumping
for public supply has been virtually discontinued. Wells near the
coast yield salty Avater, as may those farther inland if pumped
heavily.
Additional water will be needed for industrial and public use but
will be obtained largely from streams. The public supply as of 1959,
about 50 mgd for 550,000 people, was obtained from the Rio Grande
de Loiza (30 mgd) and the Rios Bayamdn and Guaynabo (20 mgd)
(State Officials, 1960, p. 399). It is expected that by 1980 the demand
will be about 150 mgd (40 mgd for industrial use alone), for more
than a million people. Possible additional sources listed by the
Commonwealth are as follows:
Additional flow available (mgd)

Rfo
Rio
Rio
Rfo

Without
additional dams

Source
Grande de Lofza
La Plata
Canovanillas _
Can6vanas _

Rfo Mameyes

_ ..

Subtotal
Sewage reclaimable for industrial use
Total ____________________________

30
15
3
51
7
10J
70
30+

Increase by
additional dams

__._.._---

13

13

83
113 +

Moderate additional supplies of fresh ground water can be obtained
from carefully located, adequately spaced, conservatively pumped
wells, and large supplies of saline ground water fed by the sea or the
Bahia .de San Juan are available. A detailed study of the water
resources of the area is proposed to begin in 1962.
BAYAM6N-ABECIBO AREA

The B ay amon-Arecibo area takes in the main segment of the
relatively low part of the north coast west of the San Juan area.
The principal aquifers are the youngest limestone of the middle
Tertiary sequence, the Aymamon and alluvium of the valleys of the
Rio Grande de Manati and Rio Grande de Arecibo. The pumpage
in 1960 Avas about 13 mgd, about 40 percent each for industry and
public supply and 10 percent each for irrigation and rural use.
Wells too near the coast or drilled too deep yield saline water, of
Avhich very large quantities could be pumped. Recharge from
streams and from precipitation also is abundant, and properly
located Avells could yield large additional supplies of fresh water.
ARECIBO-AGUADILLA AREA

The Arecibo-Aguadilla area includes the relatively high part of
the northern limestone plain Avest of Arecibo. The aquifers, from
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youngest to oldest and from the coast inland, are the Aymamon,
Aguada, and Lares Limestones of the middle Tertiary sequence. The
pumpage in 1960 was about 6 mgd, mostly for industrial use. Large
additional supplies could be developed on low ground near the
Rio Camuy and Rio Guajataca, which would serve as sources of
recharge. In the upland much of the drainage is underground to
the trunk streams, but cavernous zones in the limestone are scattered
and not easy to locate. Wells drilled too deep, especially near the
coast, will yield saline water.
ANASCO ABEA

The Anasco area includes the sizable coastal valley of the Rio
Grande de Anasco, one of the largest streams in Puerto Rico. The
principal aquifer is alluvium, although limestone of probable late
Miocene age below yields some water. The pumpage in 1960 was
about 1.5 mgd, nearly all for industrial use. The area near the
coast is poorly drained, and deep wells may yield saline water.
Large additional supplies are probably available from wells near
the river some distance inland.
MAYAGUEZ AKEA

The Mayagiiez area includes the small coastal valley of the Rio
Yagiiez (Rio Mayagiiez). The principal aquifer is alluvium, but
limestone and sand of the Guanajibo Formation of probable late
Miocene age below yield some water. The pumpage in 1960 was
about 1.3 mgd, mostly for industrial use. Additional water needed
for public and industrial supply in the future will be obtained
largely from streams, but moderate additional supplies of ground
water could be developed from wells drilled far enough from the
coast to avoid saline water.
The public supply of Mayagiiez, Puerto Rico's third largest city,
in 1959 was obtained from the Rios Canas and Yagiiez, which had
a combined minimum flow of about 4 mgd (State Officials, 1960,
p. 399-400). The total capacity of an old and a new filter plant
was 8 mgd. Construction of a pumping plant and pipeline to bring
water from the Rio Grande de Anasco was to begin in 1959, and
the planned capacity was to be 5 mgd, that of the new filter plant.
A dam could be constructed on the Rio Canas to increase the reliable
yield of that stream to 6 or 8 mgd.
GUANAJIBO AEEA

The Guanajibo area includes the alluvial valley of the Rio
Guana jibo, including the sizable coastal area just south of the
Mayagiiez area. The alluvium is the principal aquifer, but limestone of probably late Miocene age below yields some water; also,
limestone belonging to the bedrock of the Late Cretaceous and
early Tertiary age is an aquifer in places which are among the few in
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Puerto Rico where that limestone yields water to wells. The pumpage in 1960 was about 2.5 mgd, about half for public supply and the
rest for irrigation and industry in roughly equal amounts. Large
additional supplies of ground water could be developed in the
inland part of the Guanajibo Valley. No large additional demands
for water to be used in the area are anticipated, and both ground
water and surface water could be made available for export to
drier areas. (See Tallaboa Valley.)
LAJAS VALLEY

The Lajas Valley is a large eastward-trending depression
separated by low hills from the south coast, opening up on the coast
at its west end at Boqueron and at its southeast end at Guanica.
It is partly filled with alluvium and marine deposits. The marine
deposits include some sediments, including limestone, of probable
late Miocene age. Sediments of the middle Tertiary sequence also
may be present, and limestone of the Late Cretaceous and early
Tertiary bedrock crops out both north and south of the valley
and underlies the valley fill in places.
The valley is dry and poorly drained, and most of the ground
water is moderately to highly mineralized. Not much is pumped
only about 300,000 gpd in 1960, mostly for drainage rather than
water supply. Formerly more was pumped and used for irrigation,
in places with adverse effects on the soil. The valley is potentially
a highly productive agricultural area, and water is now being
imported from the north for the newly established Lajas Valley
Irrigation District. Some water from the Rio Loco, at the east
end of the valley, is brought in for irrigation, but that stream is
looked to as one of the possible sources of needed industrial water
for the Guanica and Guaj^anilla areas. No large additional quantities of ground water were available under the conditions that existed
before the new irrigation district began operating, but irrigation
with the new water may be expected to create ground-water supplies
that will be available for use indeed, may have to be pumped to
prevent waterlogging.
SOUTHWEST-COAST

AREA

The southwest-coast area is the driest part of Puerto Rico. It
takes in the hills south of the Lajas Valley and includes a narrow
coastal plain and small headlands mantled by middle Tertiary
rocks. A sizable headland of Tertiary rocks at the east end, southwest of Guanica, is included in the "Tertiary upland" of the next
section.
The principal aquifers in the southwest-coast area are limestone
strata of the bedrock, which in 1960 yielded about 200,000 gpd for
domestic and stock use. Much of the water is brackish or salty, and
671316 0 63
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there are no prespects of obtaining large supplies of good water.
The Tertiary limestone of the small headlands is "high and dry"
and not an aquifer.
TERTIARY UPLAND

The so-called Tertiary upland includes headlands and inland tracts
underlain by limy strata of middle Tertiary age, cut or nearly cut
into segments by streams. It begins on the west with a headland
of roughly 5 square miles southwest of Guanica. That headland
is separated by the alluvial valley of the Rio Loco and by the
Bahia de Guanica from the next segment, which extends from the
Rio Loco valley to the Rio Tallaboa valley but is nearly cut into
four parts by alluvial valleys of the Rio Guayanilla and other
streams draining into the Bahia de Guayanilla. Finally there is a
large headland, or platform, between the alluvial Tallaboa Valley
and Ponce at the west end of the main south coastal plain.
The limestone is locally rather permeable, but the area is among
the driest in Puerto Rico and the recharge is very small. Also,
because of dissection by streams, the limestone is rather thoroughly
drained. Therefore, no large supplies of fresh ground water are
available, and pumpage in 1960 was insignificant. Large supplies
of saline water could be pumped from wells extending below sea
level. Water that was brackish at first would become salty as sea
water moved in as the principal almost the only source of
recharge.
GUANICA AREA

The Guanica area is at the east end of the Lajas Valley, along
the Rio Loco. The principal aquifer is alluvium, recharged either
directly from the river or by seepage of irrigation water diverted
from the river. The pumpage in 1960 was about 3 mgd, mostly
for industry and irrigation. The water is excessively hard, making
it undesirable without softening for many industrial uses. Large
quantities of water will be needed for industrial use. (See Tallaboa
Valley.) Water is being diverted to Lago Loco on the Rio Loco
from the Rio Grande de Anasco and the Rio Yauco, and the Rio
Loco supply is adequate for present needs. Additional ground water
could be pumped, if continued recharge by fresh surface water,
such as by application for irrigation, could be assured. A detailed
study of the area is proposed to begin in 1962.
GUAYANILLA AREA

The Guayanilla area includes the alluvial valleys of the Rio
Guayanilla and adjacent streams. The aquifers are the alluvium, of
Quaternary age; and limestone of middle Tertiary age, the Ponce
Limestone the equivalent of the limestones of the north coast.
Pumpage in 1960 was about 14 mgd, mostly for irrigation. The
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ground water is replenished largely by irrigation water diverted
from streams. Large quantities of water will be needed for industrial use, and surface water is proposed to be imported. (See
Tallaboa Valley.) Additional ground water could be pumped if
continued recharge from surface water, such as from water applied
for irrigation, could be assured. A detailed study of the area was
started in 1960.
TALLABOA VALLEY

The Tallaboa Valley is the first alluvial valley west of Ponce,
separated from the main south coastal plain by the largest area of
the Tertiary upland described previously. The main aquifers are
alluvium and the Ponce Limestone. The pumpage in 1960 was
about 7 mgd, about three-fifths for industry and two-fifths for irrigation. The ground water is replenished largely by irrigation water
from the Rio Tallaboa, whose supply is augmented by water diverted
from the basin of the Rio Grande de Arecibo for hydropower production. Some of the tailwater from the powerplant is exported to
Ponce for the public supply there. (See Ponce-Patillas area.)
More water will be needed for industrial use. Petrochemical industries planned for the vicinity of the new refinery at Tallaboa
will require considerable water. The total demand for residential,
commercial, and industrial use is expected to rise by 1980 to about
45 mgd in an "industrial zone" including the towns of Guanica and
Guayanilla plus Penuelas and Tallaboa in the Tallaboa Valley. At
first it is proposed to obtain 10 mgd from the Lajas Valley Irrigation
District. The Rios Rosario and Guanajibo on the west side of the
island are potential future sources. The Rfo Rosario could be regulated to yield about 30 mgd, and the yield could be increased to
40 mgd by tapping tributaries of the Rio Guanajibo. The main stem
of the Guanajibo might yield as much as 34 mgd (State Officials,
1960, p. 400).
Additional ground water can be pumped if continued recharge
by surface water can be assured. A detailed study of the area's
water resources was begun in 1958.
PONCE-PATILLAS AREA

The Ponce-Patillas area is the main south coastal plain, the area
of heaviest ground-water development in Puerto Rico. The principal aquifer is alluvium, but in the part of the plain between Ponce
and Santa Isabel the Ponce Limestone and sand of Tertiary age
yield considerable water. The pumpage in 1960 was about 200 mgd
a very large amount for so small an area, about 150 square miles.
The water is used mostly for irrigation but supplies a few towns
and industries also. A few wells drilled near the coast have yielded
saline water, but only a few local incidents of salt-water encroachment on fresh-water wells have been reported a remarkable situa-
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tion in view of the narrowness of the plain and the heavy pumping.
The chief reason is recharge by water applied for irrigation, including both surface water and ground water.
Large additional supplies are needed for industrial use at the
west and east ends of the plain. The demand at the west end may
necessitate importation of additional surface water. This part of
the area is not a part of the South Coast Irrigation District, whose
water developed for power production and irrigation supply is a
principal source of ground-water recharge in the middle and eastern parts of the plain. Additional ground-water development may be
possible in the more generously recharged parts of the plain.
Ponce, the second largest city in Puerto Rico, obtained its public
supply in 1959, for an urban population of about 100,000, from the
following sources (State Officials, 1960, p. 399):
Capacity

Source
(mgd)
Garzas aqueduct (water from Rio Grande de Arecibo________ 12
and Rio Tallaboa, piped from tailrace of Garzas
hydroelectric plant No. 2 in Tallaboa Valley).
Rio Portugue"s (dry-season flow)______________________
1
Five wells (reserve supply)_________________________
4
17

The population expected to be served in 1980 is 160,000 urban plus
25,000 rural, for a total of 185,000, and the expected demand is about
27 mgd. The demand in 1959 was not stated, but it was below the
filter-plant capacity of 9 mgd plus the well capacity of 4 mgd, or
less than 13 mgd. Future potential sources are the Eio Portugues,
which could yield an additional 4 mgd by means of a dam, and the
Rio Toa Vaca, which could yield 6 mgd, also by means of a dam.
A detailed study of a part of the area east of Guayama was started
in 1960.
MAUNABO AREA

The Maunabo area includes the alluvial valley of the Rio Maunabo
at the southeast corner of Puerto Rico. The only important aquifer
is the alluvium, from which about 300,000 gpd was pumped for irrigation and public supply in 1960. A moderately large additional
supply of ground water appears to be available. The precipitation
is above the average for the island and provides recharge conditions
more favorable than those to the west along the south coast.
YABUCOA

AREA

The Yabucoa area includes the rather large alluvial valley of the
Rio Guayanes and adjacent streams. The only important aquifer
is the alluvium. The pumpage in 1960 was about 250,000 gpd,
mostly for industrial use. The precipitation and streamflow are substantial, and recharge conditions are good. Sugarcane is grown with-
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out irrigation, but moderate to large supplies of ground water could
be pumped for irrigation or other uses.
HUMACAO AREA

The Humacao area includes alluvial valleys of the Rio Humacao,
Rio Blanco, and other streams between Punta Guayanes north of
the Yabucoa Valley and Punta Lima southeast of Naguabo. The
principal aquifer is alluvium, from which about 500,000 gpd was
pumped in 1960, mainly for industrial and domestic or stock supply.
The alluvium in general is not as permeable as that of the Yabucoa
Valley. Moderate additional supplies of ground water could be obtained from wells located far enough inland to be safe from saltwater encroachment, but large needs for water likely would be met
from the streams which carry large flows from the wet uplands of
the east end of the island.
FAJARDO AREA

The Fajardo area takes in the northern part of the east coast
and the eastermost part of the north coast, from Punta Lima on the
south around Cabo San Juan at the northeast corner to Punta Picua
north of Mameyes on the west. The principal aquifers are alluvium
of Quaternary age and bedrock of Late Cretaceous or early Tertiary
age. The largest alluvial valley, and potentially the most productive
ground-water area, is the valley of the Rio Fajardo. There are sizable areas of alluvium and littoral deposits near the sea both south
and west of Fajardo. None of the unconsolidated deposits are highly
productive, and those near the coast contain saline water. The pumpage in 1960 was only about 100,000 gpd, mostly for domestic and
stock supply. The area is not as wet as the parts of the coast to the
south and west, and probably only small to moderate additional
supplies of ground water of acceptable quality are available.
BIO GRAN,DE-RIO PIEDRAS AREA

The Rio Grande-Rio Piedras area extends from Punta Picua to
the Boca de Cangrejos at the east edge of the San Juan area. The
principal aquifer is the Aymamon Limestone, which crops out in
hills in the western part of the area and underlies unconsolidated
deposits in all but the easternmost part. The area is largely at a
low elevation, and much of it is marshy. The unconsolidated deposits
include alluvium and beach and marsh deposits, most of which are
fine grained and large parts of which contain saline water. Pumpage in 1960 was about 800,000 gpd, mostly for industry. Substantial
additional supplies of fresh water could be obtained from the limestone in localities away from the marshy tracts. The area includes
the lower valley of the Rio Grande de Loiza, which drains the largest
basin on the island, and some stretches of the valley are underlain
by fairly permeable alluvium. However, the long, straight stretch
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of the river that crosses the area is tidal, and the ground water along
most of it is probably saline.
CAGUAS ABEA

The Caguas area is a sizable alluvial basin in the interior, southsoutheast of San Juan about halfway across the island. The basin
is partly filled with alluvium derived from the bedrock of the surrounding hills and mountains. The alluvium is rather permeable
in places, and potential recharge from streams is large. The pumpage in 1960 was about 3 mgd, mostly for industrial use. Moderately
large additional supplies of ground water could be obtained in many
places.
The city of Caguas in 1959 obtained its water from Quebradillas
Creek, whose minimum flow of about 2 mgd matched the capacity
of the filter plant. The plant's capacity was being increased to 4.75
mgd, the additional water to be obtained from the Rio Turabo. It
is planned in the future to obtain another 2 mgd from the Rio
Grande de Loiza.
The system in 1959 supplied the needs of the 34,000 people of
Caguas and also those of the smaller city of Gurabo. The 1980 population of Caguas is expected to be 50,000, that of Gurabo 7,000,
and the rural population to be supplied about 18,000 for Caguas and
6,000 for Gurabo a total of 81,000. The expected demand is 6.71
mgd residential and commercial and 2.00 mgd industrial (State
Officials, 1960, p. 400).
CAYEY AREA

The Cayey area is a similar but smaller basin in which the alluvium
is thinner, less permeable, and more dissected than that in the Caguas
area and is not an important aquifer. The bedrock is weathered and
fractured to an unusual degree and in places is a fairly good aquifer;
this is one of the few areas of rather productive bedrock located in
Puerto Rico to date. The pumpage in 1960 was about 400,000 gpd,
mostly for public supply. Moderate additional supplies are available
in parts of the area away from existing heavily pumped wells, but
considerable test drilling is necessary to locate productive wells.
UPLAND ABEA

The upland area includes the rest of Puerto Rico. It is underlain
by bedrock of Late Cretaceous and early Tertiary age and is mostly
in the interior, though it extends to the sea in the headlands between
the alhiviaWftlteys of the east and west coasts and is not far from the
sea elsewhere a.maximum of about 14 miles where the north coastal
plain is widest, at the longtitude of Lares. The aquifers are alluvium,
which is permeable only locally and which underlies few sizable
areas, and the bedrock where it is fractured and weathered and
especially where it underlies permeable alluvium serving as a source
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of recharge. Although the rainfall is above average, the slopes are
steep and the conditions for recharge are not as favorable as in some
of the lower coastal tracts. The total pumpage in 1960 was about
4 mgd, in an area of roughly 2,000 square miles; compare this with the
200 mgd pumped in the 150 square miles of the main south coastal
plain. The water is used mostly for public supply and rural domestic
and stock supply. Small to moderate additional supplies are available in many places throughout the area, and the total ground-water
potential is many times the 4 mgd pumped in 1960. Careful
prospecting to locate favorable sites for test drilling is needed, however. The best potential sources are bodies of permeable alluvium
similar to that in the little valley in which Jayuya is situated, about
halfway across the island north of Ponce. A careful search probably
would reveal also that there are additional areas, similar to parts of
the Cayey and Rincon areas, in which the bedrock is above average
in permeability.
ISLANDS

The watchword for water in all the islands of the Puerto RicoVirgin Islands group except the main island of Puerto Rico is
scarcity (McGuinness, 1953). None of the islands have much fresh
water in streams and aquifers, and the smaller ones have almost none
at all. The average annual precipitation on the larger islands is
about 45 inches. There are pronounced wet and dry seasons, and the
climate, though wet enough during the wet season to produce
abundant vegetation and occasional runoff, is very dry during the
dry season. The prevailing impression is one of dryness, bearing out
the statement that a given amount of precipitation is less effective
in producing runoff and ground-wrater recharge than it is in the
conterminous States.
There are no perennial streams in the usual sense. In a few of
the larger drainage areas there are spring-fed pools in which there is
a trickle of water throughout the dry season, but nothing more. Flood
flows from heavy rains may be large, but not long lasting, as the
short, steep streams discharge quickly to the sea. There are few
good sites for surface reservoirs and not enough water to keep them
full through long droughts. If water is lacking, however, there is
something else to fill them up sediment. Many of the small
reservoirs built to date have tended to fill up quickly with sediment,
and this factor alone tends to discourage the development of surface
water; a high rate of evaporation is another unfavorable condition.
Nevertheless, there is justification for some storage of surface water
where earth dams can be built cheaply. Even if the reservoirs fill
quickly with sediment and even though much of the water impounded
is lost by evaporation, that which is saved is greatly needed and
would otherwise serve no useful purpose. The reservoirs also have
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some effect in creating, or increasing, supplies of ground water in
their immediate vicinities, though they do not "raise the water table
under the whole island" as some local opinion has it.
Meyer (1952) described a number of potential reservoir sites on
St. Croix.
Small drainage areas mean small aquifers, and few of the rocks
are very permeable except locally. Only the largest two of the
American islands, St. Croix (Cederstrom, 1950; Hendrickson, 1962)
and Vieques (McGuinness, 1946a; 1948, p. 529-540), have aquifers
from which substantial supplies can be developed and are replenished
by precipitation. The most productive ones discovered to date on
St. Croix are (1) alluvium and limestone in the Salt River valley
and in two other areas in the coastal plain, used or to be used for
public water supply; (2) bedrock in the valley north of Frederiksted,
also used for public supply; and (3) alluvium in the valley north of
Alexander Hamilton Airport, used to meet needs at the airport and
at installations of the Virgin Islands Corporation. Those on Vieques
are (1) the deposits of a compound alluvial fan northeast and east
of Monte Pirata, including the segment that reaches the south coast
at Laguna Play a Grande; and (2) alluvium and littoral deposits
along the south coast in the 4-mile stretch between Esperanza on the
west and Bahia Tapoii on the east.
Here, "substantial" means perennial supplies of the order of tens
of thousands or at the most a couple of hundred thousands gallons
per day in each area. A few similarly productive areas may remain
to be developed on the two islands.
Pumpage on St. Croix for the public supply of the two principal
cities as of 1962 amounted to about 60,000 to 90,000 gpd from the
Salt River valley (Concordia) well field for Christiansted and 50,000
to 70,000 gpd from the Mahogany Road well field for Frederiksted.
New well fields were being installed at Barren Spot to supplement
the supply of Christiansted and at Adventure to supplement that
of Frederiksted (Hendrickson, 1962). There was some additional
pumping from scattered public and private wells. The total pumpage on the island is not known but was not more than a few hundred
thousand gallons per day.
Pumpage on Vieques in 1960 was about 300,000 gpd, nearly all from
unconsolidated deposits and nearly all for public supply. The water
of many wells becomes brackish when the wells are pumped steadily
during the dry season. Additional supplies are needed for industrial
and tourist developments, but recent attempts to develop them have
been unsuccessful.
St. Thomas has an aquifer at the airport consisting partly of
alluvium and partly of artificial fill sand dredged from the sea to
extend the airport, The aquifer contains potable water in the wet
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season and saline water in the dry season. Arrangements were made
to recharge the aquifer artificially with filtered rainwater collected
from the airport runway, but the 1,700-foot recharge "gallery" has
not been utilized extensively except as a well to yield whatever usable
water could be pumped from it. The Long Bay, or Sugar Estate,
Valley east of Charlotte Amalie contains fairly permeable alluvium
but is not replenished freely enough to yield a substantial supply of
potable wrater. Valleys draining into Reef Bay and Coral Bay on
St. John are capable of yielding perhaps as much as a few tens
of thousands of gallons per day each (McGuinness, 1946b, p. 15-16).
The valley of Turpentine Run on St. Thomas, known also as Tutu
Valley, does not contain much alluvium, but it is about as large as
the drainage area north of Frederiksted, St. Croix, in which the
bedrock proved to be capable of yielding a good supply. Only test
drilling will determine whether the bedrock of the Turpentine Run
valley is capable of similar yield.
Elsewhere on all the islands, only small supplies are available.
Present information on all the islands is inadequate. So far the
only published reports on ground water are that on St. Croix by
Cederstrom (1950) and a brief section on Vieques in the writer's
report (McGuinness, 1948) on Puerto Rico, but even the additional
studies required to prepare similar reports for the other islands
have little chance of revealing aquifers more productive than those
already known. Such studies are needed, however, to guide the development of the productive areas and to assist in exploration for
ground water for domestic and other small-scale uses. The studies
should be extended to cover the overall hydrology of the islands.
Recent reports and maps on the geology of St. Thomas and St. John
and of St. Croix, prepared as doctoral dissertations by graduate
students of Princeton University, will be useful in such additional
hydrologic studies as may be undertaken on those islands (T. W.
Donnelly, Geology of St. Thomas and St. John, Virgin Islands,
179 p., 1959; J. T. Whetten, Geology of St. Croix, U.S. Virgin
Islands, 102 p., 1961).
The known productive areas on St. Croix do not appear to be
overpumped as yet, although they probably could not stand a greatly
increased draft. Except for these and the few similar supplies that
may remain to be exploited, the sources of the future for sizable
water demands on St. Croix, as on all the islands, appear to be rainfall catchment, local impoundment of surface runoff, and conversion
of saline water. (One might as well say "sea water," because the
aquifers that now contain moderately saline water have little storage
capacity, and if pumped heavily they would eventually act simply
as filters for encroaching sea water.) Rainfall catchment is used
extensively on St. Thomas, where there are a dozen or so sizable
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catchments plus the airport runway. A distillation plant operated
in conjunction with a steam powerplant is now (1962) in service;
the nominal capacity is 275,000 gpd.
PROBLEMS, PROSPECTS, AND NEEDS
PUEBTO RICO

Although Puerto Rico has substantial water resources, the Commonwealth's report to the Senate Select Committee on National Water
Resources (State Officials, 1960, p. 394-406) states:
Statistics of present water use and future demand for domestic, industrial,
commercial, and agricultural use in the Commonwealth of Puerto Rico are
anything but reassuring in the light of the available water sources capable
of economic development.

Only about two-fifths of Puerto Rico's area of about 2,200,000 acres
is arable about a third of an acre per capita for the island's 2,300,000 people as compared to 3 acres per capita in the conterminous
States. The island is not able to grow enough food for its population, and through the years the practice has been to import most
of the food and to devote the arable acreage to high-value crops such
as sugarcane, coffee, tobacco, and pineapples. Sugarcane was the
predominant crop, and for decades Puerto Rico had a "one-crop
economy." In recent decades the Commonwealth has sought, with
considerable success, to broaden its economic base through industrialization, in what is now known around the world as "Operation
Bootstrap." Both the industrialization and the rise in the standard
of living it is bringing have increased the per capita use of water,
for agricultural use of water has not decreased. The areally and
seasonally variable rainfall makes surface storage necessary to meet
increasing water demands, and stream gradients in the hilly areas
are so steep that the unit cost of the stored water is high. This cost,
together with the still limited economic base of the island, will make
it difficult to provide adequate water for needs that must be met if
economic progress is to continue unabated.
The south slope has a much smaller water supply than the north,
as has been recognized already in the diversion of water to the south
slope for power generation and irrigation. Yet the three best natural
harbors Guanica, Guayanilla, and Jobos are on the south coast,
and these three areas are potentially important sites for industry,
if adequate water can be diverted to them.
Soil erosion and reservoir sedimentation are an actual or potential
problem. Of 18 principal storage reservoirs, 3 have been seriously
affected Guayabal and Coamo on the south slope and Comerio on
the north. Coamo and Comerio Reservoirs have lost most of their
original storage capacity, and Guayabal has lost about half. The
U.S. Soil Conservation Service is studying the problem in the hope
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that means can be found to reduce erosion and sedimentation in
the future.
The. population is expected to be about 3,000,000 by 1980, and the
water demand for residential and commercial use by the 2,300,000
people expected to be served by public systems is predicted at 144
mgd. Future industrial growth is expected to increase the industrial
water de.mand on public systems to 100 mgd by 1980. Adding about
a quarter to allow for transmission losses, the total requirement for
residential, commercial, and industrial use is expected to be about
300 mgd, or more than 3 times the 1959 production.
Agricultural use of water on the area now irrigated from Commonwealth reservoirs is not expected to increase greatly. About 25,000
acres on the north and south coasts needs irrigation for year-round
growth of crops, but the cost under present conditions is believed
to be prohibitive. There will doubtless be some increase in irrigation
with ground water, especially in east- and west-coast valleys and
on the northern coastal plain.
In addition to the problems involved in meeting rapidly increasing
water demands, the Commonwealth cites the lack of an adequate
system of legal control of the development and use of water. One
law specifies the minimum distance at which a well can be drilled
from a spring, stream, canal, or other well, but there are no limitations on quantities. There is a system of surface-water rights dating
back to Spanish times, and under it "concessions" have been granted
to an extent that exceeds the low flow of some south-coast streams.
Some of the concessions were confirmed by the Treaty of Paris
ending the Spanish-American War and thus are irrevocable.
Cited also is the lack of hydrologic data for planning, expected
io be remedied in time through the cooperative program that began
in 1957. The only specific ground-water problem mentioned in the
Commonwealth's report is salt-water encroachment, which has affected a few coastal wells, especially in the heavily pumped south
coastal plain.
Large ground-water supplies remain to be developed from limestone along the north coast and from alluvium in east- and west-coast
valleys. In all areas, careful test drilling to locate productive aquifers
and consideration of competing uses and, in coastal areas, of possible
salt-water encroachment will be essential. Many future developments
will involve complex engineering problems and long-distance transportation of water. The cost of some will be high and will be difficult
to meet. Nevertheless, the willingness of the Puerto Rican people to
take on difficult problems assures that their water-supply problems
will be solved eventually.

752

ROLE OF GROUND WATER IN NATIONAL WATER SITUATION
ISLANDS

The principal problem of the island possessions of Puerto Rico
(Vieques, Culebra, Mona, Desecheo, and smaller islands) and the
Virgin Islands is the general scarcity of water. Considerable progress
has been made on Vieques, the most heavily populated of Puerto
Rico's island possessions, but the total water demand for public,
rural domestic and agricultural, and resort supply is still far from
satisfied. On Culebra public water service is still inadequate, and
there are no large sources of either surface water or ground water.
The remaining Puerto Rican islands are lightly populated or uninhabited, though use of them for stockraising and recreation would
expand if more water could be obtained economically.
The problems of the American Virgin Islands are described in a
report to the Senate Select Committee by the Department of the
Interior (State Officials, 1960, p. 411-416). The three principal
islands total less than 140 square miles in area and have a population
of roughly 30,000. St. Thomas, the middle in size, has about half
the total population and the greatest shortage of water supply in
relation to demand. The public water supply from rainfall catchments (including the airport) has had to be supplemented with
water barged from Puerto Rico. In fiscal year 1958 about 39 million
gallons was barged in. In 1962 a distillation plant operated in conjunction with a new steam-electric plant went into operation, yielding
about 275,000 gpd. It is anticipated that another quarter of a million
gallons per day will be needed within 5 years and still another
quarter of a million by 1975.
Conversion of sea water, by the most economical system available
at the time the supplemental supply is planned, appears to be the
most logical method of obtaining the water. The cost of water to be
produced by the new distillation plant was expected to be not more
than $1.75 per thousand gallons. Costs of possible alternate supplies
are estimated at something between $2 and $5 per thousand gallons
for water barged from Puerto Rico, initially as much as $11 for
water piped from Puerto Rico, $7 or a little less for water impounded
in the valley of Turpentine Run, and $5 to $7 for water from paved
catchment areas. Wells are not considered a possible source of any
large supply of water, though small but nevertheless valuable
supplemental supplies may prove to be available from the ground.
St. Croix has a larger natural supply and some prospect of meeting
essential demands by a combination of wells and surface reservoirs.
No large supply for industrial use or irrigation appears to be available from ground- or surface-water sources. Sea-water conversion
is an eventual possibility at such time as native sources are exploited
to their limit.
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St. John has only a small population but, like St. Thomas, only a
very small natural water supply. Both privately owned resorts and
the new National Park make the island attractive as a tourist center,
and the water demand may be expected to multiply in the future.
Water is now obtained from a fewr wells, springs, and rainfall
catchments including the roofs of buildings. Sea-water conversion
is a possibility for the future. Solar distillation as a means of
conversion was tested experimentally on a small scale, with discouraging results. It remains for the future to reveal whether
improved and more economical facilities for solar distillation can
be developed.
On all the islands, future water-supply installations will be
designed on the basis of economic choice among available methods
sea-water conversion, development of ground water (perhaps assisted
locally by artificial recharge of storm water), impoundment of
surface runoff, rainfall catchment, and importation. Ground- and
surface-water development is most promising on St. Croix and
Vieques, but even there it undoubtedly will not satisfy the ultimate
demand. Of the remaining methods, sea-water conversion is probably
the least expensive. Until conversion methods much more economical
than any now in sight are perfected, however, there appears to be no
prospect of developing large supplies of low-cost water for industrial
or irrigation use.
RHODE ISLAND

Water supply substantial in spite of small size of State; few critical
problems in past, but problems growing and substantial expenditures needed
to provide adequate water supply, pollution control, and flood protection.
Precipitation ranges from about 30 to 50 inches and averages about 45 inches;
runoff ranges from about 21 to 26 inches and averages perhaps 22 to 24 inches
for total of 1.3 to 1.4 bgd. State receives water from outside principally in
Blackstone River, which brings in about half a billion gallons per day from
Massachusetts.
Small to moderate supplies of ground water in bedrock and glacial till.
Principal supplies in stratified drift in major valleys and in a few interstream
areas.
Withdrawal use of water in I960 about 430 mgd, 71 mgd surface water and
10 mgd ground water for public supply, 0.2 and 1.4 mgd for rural supply, 32
mgd fresh and 300 mgd saline surface water and 15 mgd fresh ground water
for industrial use, and 0.17 and 0.04 mgd for irrigation. About 430 mgd used
for hydropower.
Ground-water problems mostly local and not critical to date; principal area
of possible overdevelopment is Potowomut-Wickford area, where use is
increasingly competitive, supplies are not everywhere well distributed in relation to demand, and pollution and salt-water encroachment are threatening.
Similar competition for ground water may develop in basin of South Branch
Pawtuxet River; construction of surface reservoir proposed. Problems of
stream pollution and water for municipal supply nearly under control. Floods
still a problem, especially those resulting from high runoff in Blackstone
River basin and, in coastal lowlands, those resulting from hurricanes. Some
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good sources of vmter for industrial use remain for development. Planning
for future well advanced, and general prospects good.

Rhode Island is the Nation's smallest State and, in proportion to
its area, the most heavily populated and one of the most highly
industrialized. Its \vater supply is substantial, and water problems in
general have not been critical.
The State is in the New England Upland and Seaboard Lowland
sections of the New England physiographic province and in the
Glaciated Appalachian ground-water region. The New England
Upland, in the west-central and northwestern parts of the State, and
the adjacent lowlands west of Narragansett Bay and along the south
coast are underlain mostly by crystalline rocks of Precambrian and
Paleozoic age, mainly granite gneiss and granite (Emerson, 1917,
pi. 10). The area around Narragansett Bay is underlain by the
Rhode Island Formation and other, similar rocks of Pennsylvanian
age which are an extension of a larger area of these rocks in southeastern Massachusetts (Quinn, 1953). The rocks include conglomerate,
sandstone, shale, and anthracite.
The entire State was glaciated during the Pleistocene Epoch. As
in the rest of New England, the glacial deposits consist largely of
thin to locally thick till in the uplands; and stratified drift, commonly
underlain by till, in the lowlands. The stratified drift includes both
coarse- and fine-grained varieties. Around Narragansett Bay and
along the south coast the glacial deposits are mantled by littoral
deposits of sand and gravel.
The bedrocks yield small to moderate supplies of water to^drilled
wells. The Pennsylvanian rocks are, in general, the best bedrock
aquifers. The glacial till of the uplands yields small supplies to dug
wells, some of which are old and in the suburban areas are being
replaced by drilled wells obtaining more reliable supplies of safer
water from the bedrock or from local beds of sand and gravel in
the glacial drift.
The best aquifers are sand and gravel in the stratified drift.
Permeable deposits lie along nearly all the major streams and extend
across interstream areas in a few places, principally in the central
and southwestern parts of the State. Extensive deposits of unconsolidated material lie beneath Narragansett Bay, but they are
generally fine grained silt and clay and are filled with salt water.
The precipitation ranges from about 39 to 50 inches. It is greatest
in the upper Pawcatuck and Pawtuxet River basins and least in
the vicinity of Providence, in the Narragansett Bay lowland, and
on Block Island. It averages about 45 inches. The runoff ranges
from less than 20 inches to about 26 inches, being greatest in the
areas of greatest precipitation (Knox and Nordenson, 1955).
According to computations made in 1951 by C. H. Hardison of
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the U.S. Geological Survey (unpublished data) from the runoff
contours of Langbein and others (1949) reproduced in plate 1, it
averages about 22 inches, for a total of about 1.3 bgd from Rhode
Island's 1,214 square miles. The contours drawn by Knox and
Nordenson would suggest an average an inch or two higher, and a
correspondingly larger total runoff. The total is the smallest among
the States, but the rate more than 2 1/2 times the conterminous-State
average of 8^2 inches per year gives a better idea of the general
abundance of water.
The State receives water from the outside mainly in the Blackstone River, w^hich in 1929-57 brought about 460 mgd into the northeastern part of the State, as measured at Woonsocket (U.S. Geol.
Survey, 1960b, p. 40 41). The Taunton River during the same
period discharged about 300 mgd at State Farm, Mass., and the
discharge at the mouth in Mount Hope Bay was substantially
greater. However, although this water does enter Rhode Island in
Mount Hope Bay, it is no longer fresh.
Water use is moderate. Withdrawal use of fresh water in 1960
was about 130 mgd, a little more than 100 mgd of surface water and
about 26 mgd of ground water (MacKichan and Kammerer, 1961b).
Public supply required about 71 mgd of surface water and 10 mgd
of ground water, rural supply about 0.2 and 1.4 mgd, industrial
supply about 32 and 15 mgd, and irrigation about 0.17 and 0.04 mgd.
In addition, about 300 mgd of saline surface water was used in
public-utility fuel-electric power generation and about 0.3 mgd for
other industrial purposes. The per capita withdrawal use of water,
including saline water, was about 500 gpd, only one-third of the
national average but a little more than half the average for States
in which irrigation is not substantial.
Hydropower use was modest, about 430 mgd, far less than in
other New England States.
GROUND-WATER STUDIES

There is very little in the older literature on ground water in
Rhode Island. Water-Supply Papers 102 and 114 of the U.S.
Geological Survey contain brief sections on Rhode Island (Crosby,
1904,1905). The geology of Rhode Island, along with Massachusetts,
is described in the Survey's Bulletin 597 (Emerson, 1917). (See also
Quinn, 1953.)
A brief open-file report (Ellis, 1918) describes sources of water
for World War I coast-defense installations on Narragansett Bay.
Ground-water studies in cooperation with the Rhode Island Industrial Commission began in 1944. The name of the cooperating
agency was later changed to Rhode Island Port and Industrial
Development Commission and then to Rhode Island Development
Council. The Rhode Island Water Resources Commission was
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established in 1951 to prepare a planning report for the State, and
in 1952 it submitted its report to the Governor, incorporating the
engineering report of Charles A. Maguire and Associates. In 1955
the functions of the preexisting State agencies dealing with water
were assigned to the new Rhode Island Water Resources Coordinating Board, the current cooperator in ground-water studies. An
updated engineering planning report was submitted to the Board
in 195T (Metcalf and Eddy, Engineers, 1957).
The earliest cooperative ground-water work was done in the city
of Providence, and the results were published in Geological Bulletins
1 and 2 of the State Industrial Commission. The geological bu1
letins of the Commission and successor agencies are listed below.
Geol.
Butt. No.

Area and subject

1
2
3
4
5
6
7
8
9
10
11
12

Author(s)

Providence, ground-water re- Roberts and Brashears__
sources.
Providence, well and test-hole Roberts and Halberg____
records.
Pawtucket quadrangle, geology Quinn and others.--____
and ground-water resources.
Georgiaville quadrangle, geology Richmond and Allen____
and ground-water resources.
Woonsocket, geology and ground- Quinn and Allen_ _______
water resources.
Rhode Island ground-water re- Alien. ________________
connaissance of State.
Bristol quadrangle, ground-water Bierschenk. ___________
resources.
East
Greenwich quadrangle, Alien. ________________
ground-water resources.
Kingston quadrangle, ground- Bierschenk. ___________
water resources.
Providence quadrangle, ground- ____do________________
water resources.
Rhode Island quantitative ap- Lang____,_____________
praisal of ground-water reservoirs.
Wallum Lake area__-_-_______- Hahn____________.____

Year

1945
1945
1948
1951
1950
1953
1954
1956
1956
1959
1961
1961

Quadrangles in addition to the six included in the above list are
being covered in a series of ground-water maps which show areas of
water-bearing outwash and, where possible, geologic cross sections
and water-table or bedrock contours. As of June 1962, 19 had been
completed and 16 had been published by the Rhode Island Water
Resources Coordinating Board, as follows:
Groundwater
map No.

1
2
3

Quandrangle

Author(s)

Year

Wickford, R.I____--_______
Slocum, R.I_._____--___--_
Crompton, R.I__-____.____

K. E. Johnson and L. Y. Marks.
G. W. Hahn_-._ --------W. B. Alien, K. E. Johnson,
and R. A. Mason.

1959
1959
1959
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Quandrangle

Author(s)

Year

W. B. Alien and L. A. German,

1959

5

East
Providence,
Mass.R.I.
Narragansett Pier, R.I---._

G. W. Hahn___-------_------

1959

6

Hope Valley, R.I----------

1959

7
8
9

Fall River, Mass.-R.I-----Coventry Center, R.I__-.._
Carolina, R.I-------------

10

Oneco, Conn.-R.I_.__ ___

11

Quonochontaug, R.I_.--.__

12
13

North Scituate, R.I--_.-_-Voluntown, Conn.-R.I--_-_

14
15

Watch Hill, R.I.-Conn----Chepachet, R.I.___._______

16
17
18

Ashaway, R.I------------Clayville, R.I_____________
Thompson and East Kill-

W. H. Bierschenk and G. W.
Hahn.
W. B. Alien and D. J. Ryan_-_
R. A. Mason and G. W. Harm.
A. M. LaSala, Jr., and G. W.
Hahn.
K. E. Johnson, R. A. Mason,
and F. A. DeLuca.
A. M. LaSala, Jr., and K. E.
Johnson.
S. J. Pollock...__.___.._._._A. D. Randall,W. H. Bierschenk,
and G. W. Hahn.
K. E. Johnson--------------G. W. Hahn and A. J. Hansen,
Jr.
K. E. Johnson. ______________
A. J. Hansen, Jr______------_.
____do_---------------------

4

19

ingly, R.I
Attleboro, Blackstone,
Franklin, Oxford, and Uxbridge, R.I.

K. E. Johnson.--------------

1960
1960
1960
1961
1961
1961
1961
1961
1961
1961
1962
1962
1962

Remaining areas within Rhode Island include the four southeasternmost quadrangles, Prudence Island, Tiverton, Newport, and
Sakonnet Point; and Block Island off the south coast. The complete
series of quadrangle ground-water maps is scheduled for completion
by 1963.
Other reports published by the cooperating agency include Scientific Contributions 1, 2, and 3, on the hydrology of Mashapaug
Pond and vicinity in Providence (Jeffords and Alien, 1947), ground
water in the vicinity of Exeter (Alien and Jeffords, 1948), and
ground water in Bristol County (Alien and Blackball, 1950). An
unnumbered contribution by the cooperating agencies in Rhode
Island, Connecticut, and Massachusetts discusses geologic factors
affecting the yield of wells penetrating bedrock (Cushman and others,
1953). Measurements of water levels in observation wells are published in the Federal water-supply papers. Those for 1956, 1957,
and 1953-59 are presented in Hydrologic Bulletins 1, 2, and 4 of the
Water Resources Coordinating Board (Alien and Lang, 1957;
Hahn and Wosinski, 1960; Johnson, 1961). Hydrologic Bulletin 3
is a report on the hydraulic characteristics of glacial out wash at
selected localities in Rhode Island (Lang and others, 1960).
671316 O 63
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Open-file reports include those on Goddard Memorial Park in
Potowomut, city of Warwick (Halberg, 1946), Exeter School in
Lafayette (Alien, 1946), and the Hunt River Basin (Alien, 1960).
The Providence area is covered in one of the "metropolitan area"
reports of the U.S. Geological Survey (Halberg and others, 1961).
Detailed geologic studies are underway in several areas. One
of the products completed to date is a report and map on the
surficial geology of the Kingston quadrangle (Kaye, 1960).
Current work, in addition to that on the quadrangle ground-water
maps, is devoted to intensive studies in areas of present or potential
heavy development. A study in the. upper Pawcatuck River basin
in Washington County is in its final stages; a basic-data report has
been completed and an interpretive report is in preparation. Fieldwork is underway in two other important areas, the PotowomutWickford area in the heavily pumped Potowomut River basin in
Kent and Washington Counties and the basin of the South Branch
of the Pawtuxet River, largely in Kent County.
GROUND-WATER POTENTIAL

The best general descriptions of ground water in Rhode Island
are those in Geological Bulletin 6 (Alien, 1953), a reconnaissance
report for the whole State; and Geological Bulletin 11 (Lang,
1961), which includes quantitative estimates of ground-water availability in the 17 study areas into which the State was divided.
Hydrologic Bulletin 3 (Lang and others, 1960) presents specific
hydraulic data on glacial outwash obtained in aquifer tests made by
the Geological Survey or private consultants at 18 localities scattered
over the State.
Geological Bulletin 11 contains a map of the State showing areas
of glacial outwash the principal aquifer for both present and
future development at a scale of about 2.15 miles to the inch. Four
larger scale maps, on scales ranging from about 0.6 to 1.0 mile to the
inch, present more detailed information on outwash in the upper
Branch River area in northwestern Rhode Island and in northeastern, central, and southern Rhode Island; together the four
larger scale maps cover nearly all the area of the State where outwash is substantial in areal extent and thickness.
Outwash is most prominent in the northern, central, and southwestern parts of the State (Lang, 1961, pi. 1). There is relatively
little of it in the southeastern part, east of Narragansett Bay and
south of Warren in Bristol County. It flanks the bay on the northeast
and north and on the west except at the south end, where it is not
found along the shore but does underlie the Pettaquamscutt and
Saugatucket River valleys inland. It covers perhaps half the total
area of the Seaboard Lowland except for the southeastern part of
the State south of Warren. In the New England Upland it covers
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perhaps a quarter of the total area, lying mainly along the major
streams but occupying some interstream areas also.
The outwash is less than 50 feet thick in a large part of its
total area but is 100 feet thick or more in substantial areas. Only a
part of the total thickness consists of permeable sand and gravel,
but this part is thick enough to make the outwash highly productive
in some areas. Coefficients of transmissibility determined in 18
pumping tests (Lang and others, 1960) ranged from 19,000 to 350,000
gpd per foot and averaged about 130,000 gpd per foot a moderately
high value indicating large overall potentialities. Very likely, future
tests will reveal values even higher than the 350,000 gpd per foot
measured in the well field of the Bristol County Water Co. in
Barrington.
The total potential of ground water in Rhode Island is not known
indeed, cannot be known in advance of development because the
perennial yield of well fields depends in large part on just where
the wells are located and how they are operated. It is certainly not
less than 100 to 200 mgd, however, and may prove to be substantially more if future test drilling and pumping reveal enough sites
favorable for induced infiltration from streams of substantial flow.
In comparison with the 1960 withdrawal of some 26 mgd, the potential supply is large, and inviting.
The native quality of ground water in Rhode Island is generally
good (Alien, 1953, p. 44-50). Iron is a rather common constituent.
Of 94 samples analyzed for iron, 27 had no iron; the rest had contents ranging from 0.02 to 25 ppm, but only 17 contained more than
the 0.3 ppm considered the upper limit (for iron and manganese
together) for water of good quality. The hardness of 91 samples
averaged 69 ppm, just above the limit of 60 ppm for water that is
considered soft; only a tenth of the samples had a hardness exceeding 150 ppm. None of the 85 samples analyzed for dissolved-solids
concentration exceeded the 500 ppm recommended as the upper limit
for water of good quality; the range was from 33 to 319 ppm and
the average was 114 ppm. In 36 samples analyzed for fluoride the
content ranged from 0 to 0.8 ppm and averaged 0.08 ppm; the recommended limit for potable water is 1.5 ppm.
Where certain constituents such as chloride and nitrate occur in
amounts substantially larger than average, there is some possibility
that the water is contaminated. The chloride content in 99 samples
considered to be uncontaminated by sea water ranged from 2 to
57 ppm and averaged 15 ppm. A few wells show definite signs of
contamination, such as a well in the town of Warren cited by Alien
(idem, p. 50). Other localities of salt-water contamination noted
by Alien in the cited report include parts of the Woonasquatucket
River valley and Sassafrass Point areas in metropolitan Providence,
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the Barrington area in Bristol County, and a strip along the Runnins River in East Providence.
Nitrate contents in excess of 10 ppm suggest organic pollution.
The nitrate content of 84 samples ranged from 0 to 66 ppm and
averaged 9 ppm; about a quarter of the samples contained more
than 10 ppm (idem, p. 50).
PROBLEMS, PROSPECTS, AND NEEDS

Under existing conditions, ground-water problems are largely
matters of future rather than present concern. There is only one
area in which ground-water problems threaten to become serious in
the immediate future. This is the Potowomut-Wickford area in
central Rhode Island, in East Greenwich in Kent County and North
Kingstown in Washington County (Alien, 1960, Hunt River basin).
This is an area of substantial and rapidly increasing ground-water
development. The U.S. Navy, the Kent County Water Authority,
and the North Kingstown Water Commission are the principal
ground-water users; they withdrew 4 mgd in 1957. One of the wells
of the Kent County Water Authority had the largest yield of any
drilled to date in the State 2,700 gpm. All six of the principal
production wells of the three agencies named above had initial
yields exceeding 1,000 gpm.
The total ground-water potential of the area is several times
greater than the current withdrawal, but trouble may still develop
in the heavily pumped localities, from mutual interference of heavily
pumped wells and from salt-water encroachment. Pollution of
ground water by sanitary and industrial wastes also is a potential
problem. And, the most favorable ground-water localities in the
area are not necessarily those where water will be needed most if
the present pattern of development continues. Regulation of withdrawals to prevent overdevelopment and salt-water encroachment
may be needed very soon.
Similar situations undoubtedly will develop in other areas of
the State as the growth of population and industry continues and if
irrigation becomes substantial. Accordingly, there is need for study
of a suitable State policy designed to protect both ground water
and surface water from the deleterious effects of competition for
available supplies in areas of intense development, and the State
is aware of this need and is considering the steps that may be necessary to meet it (State Officials, 1960, p. 302).
Ground water is bound to be developed on an increasing scale because of its widespread availability and of the relatively low cost
of development and treatment of the water. Surface water, however, will continue to be the major source of water supply. The
generally abundant precipitation and streamflow and the low rate
of evapotranspiration make surface water the logical source to meet
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large demands. Integrated development also is promising pumping
of ground water from aquifers traversed by streams from which
recharge can be induced and whose flow will be maintained at adequate levels by releases from surface reservoirs, such as those proposed on the Big and Wood Rivers.
The largest surface reservoir in the State is the Scituate Reservoir on the North Branch of the Pawtuxet River in the town of
Scituate in Providence County. There are many smaller artificial
reservoirs, plus some natural ponds and lakes. The safe yield of
surface- and ground-water sources developed for public water supply
was estimated at 154 mgd as of 1957, 165 mgd as of 1960, and 168
mgd as of 1961 (W. J. Shea, Rhode Island Water Resources Coordinating Board, written communication, 1962). The demand is expected to rise to about 182 mgd by the year 2001, for a population
about two-fifths larger than that of 1960's 859, 488 (State Officials,
I960, p. 301). Proposed reservoirs in the west-central and northern
parts of the State have an estimated potential safe yield of a little
more than 100 mgd. Thus, when these reservoirs are built, the major
needs for public water supply will be met. Because a large proportion of the industrial water used in the State comes from public
systems, the industrial demand also will be satisfied in large part;
self-supplied industries also would benefit from the increased streamflow made possible by the proposed reservoirs.
Consideration is being-given to State acquisition of a number of
industrial reservoirs which have been abandoned or are falling into
disuse as a result of the decline of the textile-industry.
Pollution, especially of streams but locally of ground water, is a
problem. Treatment of municipal wastes is well advanced, and in
1960 there was only one sewered community whose waste-treatment
facilities were considered inadequate. Pollution by industrial wastes
is still substantial, in spite of the fact that most plants treat their
waste to some degree before discharging it. Increasing suburban
development beyond the reach of existing sewage systems is beginning to create problems; local plants seem to be the answer until
economic development increases to the point where major extensions
of municipal systems will be feasible (idem, p. 302).
Floods also are a problem. The greatest damage has been that
resulting from hurricanes. A program to erect hurricane barriers
in the upper part of Narragansett Bay is well advanced. According
to the Corps of Engineers, the barriers will be ready an time to give
protection, if needed^luring the hurricane season of 1963. The more
difficult problem of establishing barriers in the lower bay is under
study by the Corps.
The principal stream on wThich damaging floods have occurred is
the Blackstone River, though flood damage has occurred along most
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other streams at various times. Channel improvements and floodwalls have been installed in. the city of Woonsocket. The West Hill
Reservoir in the Blackstone River basin in Massachusetts has been
completed and will help in reducing floods on the Blackstone in
Rhode Island.
In broad perspective, Rhode Island has abundant water resources,
but in parts of the State the supplies that can be easily and economically developed are small. Fortunately, the areas best suited for
future economic growth, the flat lands bordering streams and adjacent to Narragansett Bay, are those in which water supplies are
most abundant. On the other hand, it is in these areas that problems
of distribution, increasing use of and competition for water, pollution, salt-water encroachment, and floods are most common at
present and are growing.
Nevertheless, the State in its Water Resources Coordinating Board
has established a means of investigating and as necessary in the
future regulating water developments in the public interest.
SAMOA

The Samoan Islands are about 2,200 miles southwest of Hawaii,
about 13° to 14° south of the Equator. Western Samoa includes the
largest islands, Savaii at 700 square miles and Upolu at 430;
they rise 6,094 and about 3,600 feet, respectively. The largest
American island is Tutuila, 2,141 feet high and 54 square miles in
extent including nearby Aunuu. Tau, 3,056 feet and 17 square miles,
is the second largest. The others are small, from a fraction of a
square mile to 2 square miles. Ofu and Olosega rise 1,590 and
2,095 feet.
Tutuila was built by five basaltic volcanoes and Tau by one volcano
(Stearns, 1943, p. 11, 87). Ofu and Olosega are remnants of a single
basaltic volcano (idem, p. 79). Rose, 0.3 square mile, and Swains
Island, 1 square mile, are small coral atolls standing a few feet above
sea level.
The annual rainfall exceeds 100 inches in most if not all places
and is several hundred inches at the highest elevations. In wet
years 400 inches or more falls on the peaks. At the former Pago
Naval Station on Tutuila the annual rainfall prior to 1942 ranged
from 130 to 275 inches and monthly extremes were 0.1 inch and 65
inches. Available precipitation figures for the 19-year period 1941-59
show an average annual rainfall of 174 inches at Pago Pago. Owing
to infiltration of rainfall into the permeable rocks and to the heavy
vegetation, streams dry up rapidly after rainfall and drought conditions develop within a month if no rain, or only light rain, is
received (H. T. Stearns, U.S. Geol. Survey, unpublished data).
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On Tutiiila water is commonly obtained from streams. On Ofu,
Olosega, and Tail it is obtained from a few high-level springs, from
basal-water springs that emerge along the shore at low tide, and
from a few shallow wells tapping basal water in beach deposits.
In times of extreme shortage, coconut milk is used instead of water
for drinking. The smaller islands are largely agricultural, and it is
unlikely that the demand for water will ever be large; in fact,
large demands would be difficult to meet. However, rising standards
of living and improvement in sanitary practices will increase the
demand for water of good quality and will necessitate enlarging and
modernizing the crude supply systems used for many villages. Additional sources will have to be tapped, and conservation measures will
need to be promoted.
Tutuila has the greatest population (16,814 in 1960) and is the
commercial and administrative center of the American islands, as
well as the site of the principal water-supply problems. A Government system supplies water to the "bay area" and distributes it to the
area from Utulei village on the south to Leloaloa village on the north
(State Officials, 1960, p. 409). Surface runoff and ground-water
seepage are caught and stored in the Faga'alu (upper) reservoir at
the base of Mount Matafao, about 2 miles from the Government
station, and in the Fagatogo (lower) reservoir at a lower elevation.
The Pago Pago "catchment basin" consists of a small dam which
diverts water to the Fagatogo reservoir but which provides little
storage capacity of its own. Springs and seeps yield a little water in
dry weather about 30,000 gpd at the Fagatogo reservoir and 125,000
gpd at the Pago Pago catchment basin in a very dry period in 1956.
In addition there is one well at Pago Pago, completed in 1943. It
consists of a shaft 74 feet deep and a total of 325 feet of lateral
tunnels, and it yields about 90,000 gpd.
Communities outside the bay area obtain their water locally, mostly
from reservoirs formed by damming small streams. All the reservoirs
are subject to sedimentation and to contamination by sanitary wastes.
The use of water from the Government system as of 1960 was
about 970,000 gpd. The supply was barely able to meet the demand,
including the substantial demand of a fish cannery at Pago Pago
harbor. A jet airport being built on the Tafuna-Leone plain at the
southwest side of the island will greatly increase the demand for
water in that part of the island.
The perennial flow of the streams on Tutuila would be adequate to
meet the water needs of the island, but the low flow of individual
streams is small and an extensive and expensive collection, storage,
and distribution system would be needed to develop a large part of
the total. Basal ground water under the Tafuna-Leone plain may be
adequate to supply the airport area, but exploration and testing are
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needed. There are many small bodies of high-level water in the
mountainous areas that could supply the needs of villages. Basal
water on the smaller islands is probably adequate to meet expected
needs. Nevertheless, water problems in Samoa are difficult because of
the small economic resources of the islands and the substantial cost
of investigating and developing water supplies.
A stream-gaging program begun recently \vill provide information
essential for proper choice among different streams as possible
sources for future development. Ground-water studies are included
in the investigative program and will .help in finding small local
sources and in evaluating the larger supplies such as that beneath
the Tafuna-Leone plain. The basic problem is one of storing surface
water or locating, evaluating, and developing ground water to meet
demands at times of the year when rainfall and runoff are inadequate.
SOUTH CAROLINA

Large water supply and few critical problems to date. Precipitation about
46 inches along coast, about 44 in center, about 44 to 50 in Piedmont, and
more than 70 in Blue Ridge; averages about 46 inches. Runoff 10 inches or
less near coast and 15 to 20 in most of Piedmont; rises to 40 inches in Blue
Ridge. Averages about 15 inches for total of 22 bgd. State receives large
quantity of water from North Carolina: more than 6 bgd in Pee Dee River
and tributaries and roughly 4 bgd in tributaries of Santee. Savannah River
increases in flow along southwest border from 1 bgd or less to more than 7 bgd.
Small to moderate supplies of ground water in Blue Ridge and Piedmont;
most wells yield less than 50 gpm but some yield 50 to 300. Coastal Plain,
southeastern two-thirds of State, most productive ground-water area; wells
yield as much as 2,000 gpm and yields of 300 gpm or more are common.
Withdrawal use of fresh water in 1960 about 970 mgd, 150 mgd surface
water and 35 mgd ground water for public supply, 5.9 and 33 mgd for rural
supply, 640 and 54 mgd for industry of which 560 mgd surface water used for
public-utility fuel-electric power, and 27 and 19 mgd for irrigation. About 95
mgd saline surface water used for fuel-electric power and another 28 mgd for
other industrial purposes. Hydropower use substantial, about 62 bgd.
Few problems in Blue Ridge except local difficulty in obtaining domestic
supplies from wells and occasional flooding of cropland and highways.
Problems in Piedmont similar, plus high hardness or iron content of some
ground water, severe pollution in some streams, soil erosion, and sedimentation
of reservoirs. Ground-water problems in Coastal Plain include high hardness
or iron or fluoride content of some ground water, natural salinity or potential
salt-water contamination of ground water in certain coastal counties, local
overdraft, and potential contamination by domestic wastes. Stream pollution
not yet severe but tending to increase. Large areas of low ground subject to
flooding.
Hydrologic-data gathering and comprehensive planning for future water
development and management in an early stage but can be expected to
accelerate as problems grow. Much additional water available for development,
and general prospects good.

South Carolina has a large water supply capable of much additional development. The southeastern two-thirds of the State is in
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the Coastal Plain. The northwestern third is mostly in the Piedmont,
but 500 square miles in the extreme northwest is in the Blue Ridge.
Like other East Coast States from New Jersey to Georgia, South
Carolina is underlain by consolidated rocks of Precambrian,
Paleozoic, and Mesozoic age which, in the southeast, are overlain by
southeastward-dipping and -thickening strata of the Coastal Plain,
mostly unconsolidated but including some semiconsolidated to consolidated rocks.
Owing to the influence of the Gulf of Mexico and the Atlantic
Ocean, the precipitation is generous. It is least, about 44 inches, in
the middle of the State, toward the west edge of the Coastal Plain. It
increases coastward to about 46 inches and shows a similar increase
northwestward into the Piedmont. In the western part of the Piedmont it rises to 48 to 50 inches, and in the Blue Ridge it averages a
little more than 70 inches. In the State as a whole it averages
about 46 inches.
Owing to the relatively warm climate, the runoff is less in proportion to precipitation than it is in cooler areas. It is a little less than
10 inches per year along the coast (but see p. 629) and increases
northwestward to perhaps 13 or 14 inches at the Fall Line. It is
about 20 inches in the northwestern part of the Piedmont and about
30 at the foot of the Blue Ridge. In the Ridge it rises to as much
as 40 inches. It averages about 15 inches, for a total of about 22 bgd
from the State's 31,055 square miles.
The State receives large quantities of water from North Carolina
in two stream systems, the Pee Dee and the Santee. The Pee Dee
itself brings in about 4.9 bgd (Rockingham, N.C., 1927-56; U.S.
Geol. Survey, 1960b, p. 74-75), and tributaries that enter the Pee Dee
in South Carolina bring in another 1.5 bgd. Tributaries of the
Santee, principally the Catawba and Broad Rivers and their tributaries, bring in about 4 bgd. The Savannah River, which forms the
southwestern border of South Carolina and receives its water mainly
from South Carolina and Georgia, increases in flow from less than
1 bgd at the west corner of South Carolina to about 7 bgd at Clyo,
Ga. (1937-56), and continues to increase in.the 40 miles or so of its
course below Clyo.
Thus, in its own run-off and that received from adjacent States,
South Carolina has a rather abundant surface-water supply. In the
Coastal Plain, which occupies two-thirds of the State, it has a generally abundant ground-water ^supply also.
Water use in not yet great but is substantial and growing. South
Carolina's 1960 population of 2,382,594 represented an increase of
one-eighth over that of 1950, and the State is sharing in the industrial growth of the Southeastern and Gulf States. Withdrawal use
of fresh water in 1960 was about 970 mgd, 150 mgd surface water
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and 35 mgd ground water for public supply, 5.9 and 33 mgd for
rural supply, 640 and 54 mgd for industry, and 27 and 19 mgd for
irrigation. About 560 mgd of the fresh surface water was used in
public-utility fuel-electric power generation. About 95 mgd of saline
surface water was used for fuel-electric power, and another 28 mgd
for other industrial purposes. Use of saline ground water was
negligible. Hydropower use was about 62 bgd, and South Carolina
ranked llth among the States in that use.
GROUND-WATER STUDIES

Hydrologic studies, though on a substantial scale, still fall short
of the effort required to provide a firm basis for planning of future
water projects (State Officials, 1960, p. 303-304). Gaging of a few
streams began in the 1880's or 1890's, for the Corps of Engineers.
Cooperative stream gaging began much later, and most records
extend back only to the 1930's or late 1920's. There is still a need
for establishment of additional gaging stations.
The geology of the Coastal Plain is described in considerable
detail in a report by Cooke (1936). The report contains a section
on ground water (idem, p. 161-188) which summarizes briefly the
availability of ground water in each of the 28 counties that are
partly or entirely in the Coastal Plain.
Cooperative ground-water studies began in 1945, the cooperating
agency being the South Carolina Research, Planning and Development Board. The name of the agency now has been shortened to
South Carolina Development Board. The first major product of
the cooperation was a progress report by Siple (1946), which summarized then-existing information. The status of the investigations
as of 1961 is summarized by Siple (1962).
No additional reports have been completed on the Piedmont and
Blue Ridge, most of the effort having been devoted to the major
ground-water province, the Coastal Plain. Publications include a
general paper on ground water in the Coastal Plain (Siple, 1957a),
a report presenting critical stratigraphic data from selected oil test
holes and water wells in the Coastal Plain (Siple, 1958), a guidebook of Coastal Plain geology prepared for the 1957 field trip of the
Carolina Geological Society (Siple, 1959), and a paper analyzing
the factors affecting the geology and hydrology of limestone terranes in the southern Coastal Plain (Siple, 1960). A paper by
LeGrand (1953a) presents a hypothesis on the origin of the oval
depressions known as the Carolina bays physiographic features of
the Carolinas and other Coastal Plain States that have attracted
wide attention among geologists and have been explained by means
including, among others, a shower of meteorites, eddies in coastal
waters, stranding and melting of icebergs, and solution by circulating
ground water.
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The southern part of the Coastal Plain has received more attention
than any other. Studies made for the Navy in relation to the Marine
Corps base on Parris Island, near Beaufort in Beaufort County,
are described by Siple (1957b). -Results of a comprehensive study
made for the Atomic Energy Commission in relation to the water
supply of the Savannah River Project in Aiken and Barn well Counties and a small part of Allendale County, southeast of and across
the river from Augusta, Ga., are presented in a report by Siple
(1956), now being revised for publication.
The other principal study relates to the ground-water supply of
the Savannah area, Georgia and South Carolina. The area receives
considerable attention in a report by Warren (1944) on artesian
water in the Coastal Plain of Georgia. Open-file reports by Warren
(1955) and Herrick and Wait (1955) summarize the additional
studies needed and the results of test drilling undertaken to date.
Later information is summarized in reports by Counts and Donsky
(1959; Counts and Donsky, publication pending). Of chief interest
is salt-water encroachment into the principal artesian aquifer tapped
at Savannah (Counts, 1960). The aquifer is overlain by beds of low
permeability at Savannah, but to the northeast it rises and. in
southernmost South Carolina, in the general vicinity of Hilton Head
and Daufuskie Islands, it lies not far below sea level and is open to
encroachment of sea water. The effect of the pumping at Savannah
has extended to the outcrop area and has created a slight southwestward gradient in the piezometric surface. Salt water is moving
slowly toward Savannah but at the current rate of pumping may
take a century or more to reach the city (Counts, 1960, p. 49). To
reach the conclusions as to the movement of salt water toward
Savannah required years of observation of water levels and
chloride content in the outcrop area. Some of the-* observations on
Hilton Head Island are summarized by Counts (1958).
Available hydrologic information on the .whole State is summarized in a section on water resources in a report of the South
Carolina Development Board (1955) entitled "Resources of South
Carolina." The hydrologic part of the report was a followup of a
report to the General Assembly by the South Carolina" Water Policy
Committee (1954) entitled "A New Water Policy *for South Carolina." This report incorporated a draft of a proposed comprehensive
water law adopting the doctrine of prior appropriation for surface
water, but the law has not been enacted.
GROUND -WATER RESOURCES

The sources tapped for water supply for some> purposes .differ
markedly from the Blue Ridge and Piedmont, on the one hand, to
the Coastal Plain on the other. Throughout the State ground water
is the chief source for rural supply and surface water the source for
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water used in power generation. For other uses, however, surface
water is the chief source in the Blue Ridge and Piedmont and ground
water is the chief source in the Coastal Plain.
BLUE RIDGE

The part of the Blue Ridge within South Carolina is the northwesternmost, smallest, highest, and wettest of the three physiographic provinces in the State. It covers about 500 square miles.
Elevations range from about 1,200 to a maximum of 3,548 feet, the
maximums being lower than those in the Blue Ridge in adjacent
North Carolina. The precipitation averages a little more than 70
inches and the runoff is generally 30 to 40 inches per year. The rocks
are mainly crystalline and consolidated sedimentary rocks in which
water occurs in fractures and in the mantle of weathered rock, or
residuum. Water occurs also in alluvium along the larger streams.
The province is sparsely populated, and not much is known about
the ground-water resources, but in general the maximum yields of
wells in fractured and weathered bedrock are comparable to those
in the Piedmont 50 to 300 gpm. Most wells yield much less than
50 gpm. Locally, alluvium might yield more than 300 gpm, but no
specific data are available.
Water is needed mostly for domestic use, there being little use
of water by industry or municipalities or for irrigation or power
generation. Areal ground-water studies are needed to indicate the
best rock types and physiographic settings for development of
ground water.
Stream pollution is not a serious problem, owing to the sparseness
of the population and the lack of industry. About the only surfacewater problem is occasional flooding of cropland and highways.
Additional gaging stations are needed to provide data for use in
flood control, and also for planning the use of water for hydropower generation at several sites that are under consideration.
PIEDMONT

The Piedmont forms a northeastward-trending belt about 100 miles
wide and 10,000 square miles in extent. It is underlain by complexly folded metamorphic rocks intruded by numerous bodies of igneous
rocks. Sedimentary rocks of Triassic age are present in downfaulted
basins, as in Piedmont States to the north, and both they and the
older crystalline rocks are intruded by sheets of diabase. The general
strike of the bodies of rock in the Piedmont is northeastward. The
rocks are deeply weathered. Water occurs in fractures in the solid
rock and in pores in the residuum.
Most wells yield less than 50 gpm, but a few yield as much as 300.
Of the principal rock types, granite and schist generally yield more
water than slate and phyllite. The water-bearing openings generally
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become few and small below a depth of 300 feet. Some wells are
deeper, a few being nearly 1,000 feet deep. Probably most of the
water even in the deeper wells comes from the upper part, but there
is some indication that the horizontal "sheeting" characteristic of
granitic rocks (LeGrand, 1949) but not of the foliated rocks may
create sizable water-bearing openings at depths greater than are
typical for the rocks as a whole. At any rate, the deeper wells are
found mostly in areas of granitic rocks.
The ground water is mostly unconfined, but artesian conditions
exist locally, and there are flowing wells in part of Greenville and
Spartanburg Counties.
Alluvium along the larger streams is a potential source of supply,
as in North Carolina (Mundorff, 1950).
The ground water is generally of good quality but locally is
hard or has a high content of iron.
The larger towns and cities generally use surface water for public
supply. The largest are Anderson, Gaffney, Greenville, Greenwood,
Rock Hill, and Spartanburg. In 1960 about 64,000 people in 48
small towns and mill villages were supplied about 5 mgd of ground
water. Ground-water use for industry is not known exactly but
exceeded that for public supply.
Most water used for rural domestic and stock supply comes from
wells and springs. Supplemental irrigation in the Piedmont is increasing, but to date most of the water has been obtained from
streams.
Most of the hydropower generated in South Carolina is generated
at plants in the Piedmont. There are 53 plants, which have a total
installed capacity of more than 1,400,000 horsepower. The largest
is at Clark Hill Dam on the Savannah River above Augusta, Ga.,
which has an installed capacity of 385,000 horsepower.
The principal ground-water problems are those of generally low
well yield; uncertainty as to the prospects for obtaining given quantities of water and as to the best sites for locating wells; and, locally,
quality of water, especially high hardness and iron content of water
from dioritic and diabasic rocks. A high percentage of the wells
drilled in some areas are "dry holes" that is, do not yield the
desired supply, and this lack of success has discouraged the development of ground water by some industries. Needed are intensive
studies of ground-water occurrence in relation to rock type and
structure and to physiographic setting, which should increase the
percentage of success in drilling. Needed also are studies of possible
techniques for increasing well yield, such as rock fracturing by means
of explosives or by the "hydrof rac" method used in oil-well construction. In the "hydrofrac" method, water in which sand is suspended
is forced into the well under such high pressure that fractures in
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the rock are created or enlarged and remain open because of the
"bridging" action of the sand injected along with the water.
Another promising field is study of the alluvial deposits along
the larger streams, which in some places may be capable of furnishing moderately large supplies that would be replenished by induced
infiltration from the streams.
One of the substantial water problems in the Piedmont is pollution of streams by sanitary and industrial wastes, which is increasing
because of rapid growth of population and industry, especially
the new pulp and paper mills. The State in 1950 enacted a comprehensive pollution-control act and under it is classifying the
streams in order to establish reasonable standards for water quality
(South Carolina Development Board, 1955, p. 43-50). Substantial
progress has been made in attacking pollution by industrial wastes
and municipal wastes, but the battle is a continuous one and much
remains to be done.
Flooding of crops and transportation facilities in valleys is a
problem. The several large reservoirs in the State, along with
upstream reservoirs in North Carolina, provide substantial flood
protection in the stretches downstream. Those in South Carolina
(including reservoirs in the Coastal Plain) include the Clark Hill
Reservoir on the Savannah River above Augusta, Ga.; Lakes Greenwood and Murray on the Saluda River, a tributary of the Santee
River by way of the Congaree; Lake Wylie (formerly Lake Catawba)
and the Fishing Creek Reservoir on the Catawba River and the
Wateree Reservoir on the Wateree River, also tributary to the
Santee; Lake Marion on the Santee itself; and Lake Moultrie,
connected to Lake Marion by a canal and having an outlet to the
West Branch of the Cooper River. Additional flood-control reservoirs are needed, but the State points out that in the planning of
flood-control projects consideration must be given to such effects as
flooding of desirable industrial sites (State Officials, 1960, p. 304).
A problem related to flooding, and common to all States that
include portions of the Piedmont, is soil erosion and sedimentation
of streams and reservoirs. The thick residuum over the crystalline
rocks of the Piedmont is somewhat susceptible to erosion when the
soil cover is damaged.
COASTAL PLAIN

The Coastal Plain extends about 180 miles from northeast to southwest and ranges in width from 120 to 150 miles. It covers about
20,000 square miles, or about two-thirds of the State's area.
The province is underlain by rocks similar to those in the Piedmont, covered by a wedge of mostly unconsolidated but partly semiconsolidated to consolidated sedimentary rocks of Cretaceous to
Quaternary age, including mainly sand, clay, marl, and limestone.
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The rocks strike northeastward to eastward and dip southeastward
to southward. The wedge of sediments thins to 0 at the Fall Line,
which runs northeastward through Augusta, Ga., and Columbia, S.C.,
to the North Carolina line about at the north corner of Marlboro
County, northeast of Cheraw, Chesterfield County. Southeastward
the wedge thickens to perhaps 1,300 or 1,400 feet at the east corner
of the State, about 4,000 feet at Charleston, and perhaps 5,000 to
6,000 feet along the east edge of Hilton Head Island. The deepest
water well drilled to date, at Parris Island, reached a depth of 3,454
feet and had not yet penetrated rocks of pre-Cretaceous age (Siple,
1958, p. 67).
WATER-BEARING FORMATIONS

Good general information on the Coastal plain is found in a
journal article by Siple (1957a). The basement of consolidated rocks
dips generally southeastward at 10 to 35 feet per mile. To the northeast it is uplifted in the so-called Great Carolina ridge, and the
Coastal. Plain strata in Horry County dip southward and even southwestward. A structural basin seems to underlie the Sanannah River
area, and the Coastal Plain sediments reach their maximum thickness
there. The Coastal Plain strata dip at rates of 8 to 30 feet per mile,
the dip being gentlest in the youngest strata and steepest in the
oldest. The principal aquifers are in the Tuscaloosa, Black Creek,
Peedee, Santee, and McBean Formations of Cretaceous and Tertiary
age. Wells yield as much as 2,000 gpm, and a large proportion of the
industrial and municipal wells yield 300 gpm or more. In 1960 about
319,000 people were supplied about 30 mgd of ground water from
97 public systems.
The oldest Coastal Plain formation is the Tuscaloosa, of Late
Cretaceous age, which is present throughout or nearly throughout
the Coastal Plain. LeGrand (1955, p. 2032-2036) believes that the
Tuscaloosa is missing in parts of the Great Carolina structural ridge
northeast of Georgetown, S.C., but G. E. Siple of the U.S. Geological
Survey (written communication, 1962) believes that it may be present
in the South Carolina part of the ridge. It crops out in an irregular
belt 10 to 40 miles wide at the inner margin of the Coastal Plain of
South Carolina and dips southeastward at a rate that increases
southeastward from about 15 or 20 feet per mile in the outcrop area
and averages about 30 feet per mile in the whole Coastal Plain. It is
largely continental and consists mainly of crossbedded sand of
quartz and feldspar, interbedded with both pure and impure clay.
It reaches a maximum thickness of about 800 feet near the coast in
the southeast. The formation yields water throughout its extent,
except where it thins nearly to zero. Yields as high as 2,000 gpm
have been obtained. Locally in uplands in the outcrop area, beds of
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clay support bodies of perched water which yield domestic supplies
to shallow wells, the main water table being deeper.
The Tuscaloosa is overlain unconformably by the Black Creek
and Peedee Formations, also of Late Cretaceous age. These formations crop out in the northeastern third of the Coastal Plain, dip
generally southeastward at an average of 23 feet per mile, and
reach a maximum thickness of about 1,400 feet at the coast. The
Black Creek consists mainly of fine to medium phosphatic and
glauconitic sand interbedded with gray and black clay. The Peedee
is similar but more calcareous and fossiliferoiis. The Black Creek
appears to be partly of continental origin, but most of it and all the
Peedee are marine. Yields as high as 1,200 gpm have been reported
for the Black Creek.
The Santee Limestone of Eocene age and other, unnamed limestones of later age (late Eocene, Oligocene, and early Miocene)
constitute a limestone aquifer correlative with the principal artesian
aquifer of Georgia and Florida. The aquifer crops out in a belt
averaging about 25 miles wide extending northeastward from Aliendale County on the Savannah River to the Santee River and then
southeastward to northern Charleston County. The limestone is
cavernous, especially in the northern part of the outcrop area. To
the south it is less cavernous, but it is an important aquifer nevertheless. Yields as high as 2,000 gpm are reported, but in general the
aquifer is thinner and thus less productive than in Georgia, where
yields as high as 4,000 gpm have been obtained by natural flow
at St. Marys.
The McBean Formation, of Eocene age and correlative in its
upper part with the lower part of the Santee Limestone, is an
important aquifer in the area southwest of the Congaree River and
south of the latitude of the junction of the Congaree and the
Wateree. It consists of glauconitic quartz sand interbedded with
clay, marl, and siliceous limestone. It dips southeastward about 8
or 9 feet to the mile and reaches a maximum thickness of about 250
feet in the area between Barnwell and Beaufort Counties. In the
coastal area it underlies the "principal limestone aquifer." Yields as
high as 660 gpm are reported, these being obtained from limestone.
Aquifers of secondary importance, in ascending order of age,
include the Black Mingo Formation of Eocene age, which lies
between the Peedee and the McBean and crops out north and east
of the Congaree and Wateree Rivers; the Barnwell Formation of
Eocene age, which lies above the McBean and crops out mainly
between the Savannah River and the South Fork of the Edisto,
southeast of Augusta, Ga.; the Hawthorn Formation of Miocene
age, which crops out south of the outcrop belt of the Cooper Marl
and forms a confining bed over the "principal artesian aquifer"
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but does contain some water-bearing material; the Duplin Marl of
Miocene age, which crops out mainly east of Sumter and west of the
Pee Dee River; the Waccamaw Formation of Pliocene age, which
crops out in patches in the coastal area, especially in eastern Horry
County; and sediments of Pleistocene age along the coast, which
are named for the terraces they underlie and which are successively
younger at successively lower elevations. Except for the Barnwell
Formation, all these aquifers of secondary importance are generally
present as rather thin erosion remnants capping 'older rocks, and
their capabilities in large part are limited to domestic and stock
supplies. Locally they are capable of greater yields, but they have
generally been bypassed in wells drilled to better known aquifers at
greater depth.
Not much specific information is available on the water-bearing
characteristics of the principal aquifers, but some data from aquifer
tests are presented in the paper by Siple cited above (1957a). The
data are summarized below as adapted from a table on page 292
of Siple's paper.

Location

Yield
(gpm)

Aquifer

Do
Do___
- ............. ...
Do.
Do. ........ .................

.do...
do........

...

_

Bethunc, Kershaw County..---. Sand in Tnscaloosa Formation,
Dillon, Dillon County _ -------

Do
County.
Do...-..

.do.
loosa(?) Formations.
do...
Creek Formations.

........ ...

370
1,530
1,870
605

175
1,500
300
400
1,100

CoeffiSpecific
capacity cient of
(gpm per transit! issifoot of
drawbility
down) (gpd per
foot)

Coefficient of
storage

46.000

00004

23
37
40
37
15
33
32
2.5
15
53

400,000

OKO ftfin
7,200
3,500
55, 000
04 Ann

900
150

27
3.6

1,700

110
l^n
225

1.7

6.300

5

16

A

flflfl9

.0007
.0003
.0002.0004
.003

.00004

PROBLEMS

The ground water in the Coastal Plain is generally of good
quality, but in some areas there are problems of excessive hardness
or a high content of iron, fluoride, or chloride. Hard water is associated mainly with limestone aquifers of Eocene age, which are
most prominent in the southeastern part of the Coastal Plain, from
Orangeburg County to Beaufort County. The iron content is
generally 0.35 ppm or more (the limit for iron and manganese
together recommended by the Public Health Service is 0.3 ppm) in
water in sands of Cretaceous and Tertiary age in a belt 15 to 20
671316 O 63

50
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miles wide extending from Aiken and Barn well Counties on the
southwest to Dillon County on the North Carolina line in the
northeast. Ground water having a fluoride content of 1.5 ppm or
more that is, at or above the limit specified by the Public Health
Service is found in the Peedee and Black Creek Formations of
Late Cretaceous age in the coastal areas of Horry, Georgetown,
Charleston, Berkeley, and Beaufort Counties. Most of the water
contains 3 to 7 ppm of fluoride.
Water high in chloride content is present in southern Charleston,
Beaufort, and Jasper Counties, especially in the limestone of Eocene
age. The chloride, generally reaching a concentration of 250 ppm or
more, reflects incomplete flushing of salt water from the limestone
since the last time the coastal area was submerged by the sea.
Aquifers of Late Cretaceous age are susceptible to salt-water
encroachment in Georgetown and Horry Counties. In Charleston
and Beaufort Counties the upper parts of these aquifers already
contain brackish water along the coast. On the other hand, water
at greater depth in these aquifers is fresh. At Parris Island in
Beaufort County, in the deep well mentioned previously, fresh water
was obtained at a depth of 2,880 feet, the greatest depth at which
fresh water is known to occur in South Carolina and perhaps the
greatest along the entire Atlantic Coast.
Problems of ground-water quality are generally dealt with locally
and individually. High hardness generally is simply tolerated; only
a few public ground-water supplies in hard-water areas are softened,
and few softeners are used in homes or industries.
The problem of high iron content is generally met by aerating,
settling, and filtering the water, or by injecting polyphosphates into
the water at the well. Another alternative is mixing \vater of high
iron content with water low in iron from another aquifer, generally
a shallow aquifer.
High fluoride content is generally disregarded. Auxiliary water
supplies low in fluoride are furnished at a few military bases and
summer resorts for those who desire to use them.
Problems of salt-water encroachment are handled by reducing
pumping and spacing wells more widely. Use of surface water as
an alternate supply is being considered in some areas. Artificial
recharge to build up a fresh-water barrier between the wells and
the source of salt water has generally been considered uneconomical.
Pollution of shallow ground water by household detergents in
waste water discharged into septic tanks or other sewage-disposal
facilities is not receiving much attention but is becoming more widespread and may constitute a problem of some significance within a
few years.
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Overdraft is a local problem, marked by excessive declines in
water level or salt-water encroachment. The problem is difficult to
identify because of the lack of detailed local information and of the
rapid variations in the permeability of aquifers from place to place.
In certain areas, such as at Georgetown and Florence, the sand
aquifers are not highly permeable and water levels have declined
as much as 75 to 100 feet in recent decades. Similar conditions exist
in a few areas in the outcrop of the Tuscaloosa Formation near the
Fall Line, where the zone of saturation in the aquifer is thin.
In the northeastern part of the Coastal Plain the sand in the
Cretaceous aquifers is commonly fine to very fine grained and gives
trouble by reducing well yields and by entering the wells with the
water. Careful well construction may improve this situation, but
it is not an easy one to deal with if substantial yields are desired.
SURFACE WATER

Surface water in the Coastal Plain is used in large quantities for
industry, principally in pulp and paper and textile plants. Most
towns and cities use ground water for public supply, but a few use
surface water. The largest are Charleston and Orangeburg. Charleston diverts about 95 mgd from the Edisto River at Givhans and
transports it 23 miles in a tunnel to a pumping station northwest of
the city.
The only large hydroelectric plant in the Coastal Plain is the
Santee-Cooper project, in which water from the Santee River is
impounded in Lake Marion and discharged through Lake Moultrie
into the Cooper River. The installed capacity is 173,300 horsepower.
There are five other, smaller hydroplants in the upper Coastal Plain.
Generally the quality of surface water is good, the water being soft
and low in mineral content. Color of organic origin is high in many
streams. The iron content ranges from 0 to 1.1 ppm, hardness from
1 to 51 ppm, and pH from 4.1 to 9.9.
Stream pollution is not a serious problem at present but could
become one as population and industry increase. Streams originating
in the Coastal Plain ordinarily carry little sediment, but those
originating in the Blue Ridge and Piedmont may do so. Lakes
Marion and Moultrie, completed in 1941, have received considerable
quantities of sediment.
Floods are a problem because of low stream gradients, inadequate
channel capacity, and large areas of low, flat ground adjacent to
the streams.
At present 23 gaging stations are in operation, but at least 5 additional primary stations and 15 secondary stations are needed to
provide data on both flood and low flows needed for planning streammanagement and water-supply projects.
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PROSPECTS AND NEEDS

Perhaps the outstanding phase of current development related to
water resources in South Carolina is the growth of population and
industry in the Coastal Plain. Prior to World War II development
was greatest in the Piedmont because province was served by the
major railroads, and waterpower was available and attracted many
textile plants and other industries. The Coastal Plain was considered
less attractive, in part for reasons of health. Malaria, for example,
was widespread. Now these conditions have changed. Most of the
Coastal Plain is now served by railroads, as well as by a greatly
expanded trucking industry. Electric power has become available
from the Santee-Cooper project and extension of private power
sources. Malaria has been almost eliminated. Many industrial plants
are now air conditioned. The pine forests of the Coastal Plain are a
prime source of raw material for the growing pulp and paper industry. The widespread availability of ground water has been an
important factor in encouraging the growth of industry. Nevertheless, industrial development in the Piedmont continues at a rapid
pace, largely because of the availability of abundant supplies of
surface water.
Supplemental irrigation is growing in both Piedmont and Coastal
Plain as its advantages are realized. That in the Piedmont is based
largely on water from streams and that in the Coastal Plain on
water from wells.
The greatest current need is for more hydrologic information as
a basis for intelligent decisions in selecting sources and developing
and managing water supplies. Needs for additional gaging stations
on streams have been mentioned. Most existing stations are in the
Piedmont where they have been established to furnish data essential
to the operation of water-supply and power projects.
A great deal of detailed work is needed in the Coastal Plain to
outline the occurrence of water-bearing strata, their variations in
permeability and quality of water from place to place, and areas
of recharge and discharge. The effect of increasing pollution of
ground water also will require more attention. In the Piedmont,
detailed studies may well serve to encourage a great increase in the
current withdrawal of ground water by revealing criteria related to
rock type and physiography that will increase both the percentage
of success in drilling and the average yield of wells. In both Piedmont and Blue Eidge, studies of alluvial deposits may be expected
to reveal many good sites for productive shallow-well fields.
As water use in South Carolina increases, there will be a growing
need for more comprehensive water management. Irrigation use,
which is largely consumptive, can be expected to result in local competition for the water from small streams at times of minimum flow
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and in lowering of water levels in some aquifers of only moderate
productivity. The growth of cities and their suburbs will produce
many problems of furnishing adequate water-supply and sewagedisposal facilities. Already there is a tendency toward formation
of water districts to handle these problems in suburban and rural
areas adjacent to large centers of population.
In response to these emerging needs, the South Carolina Water
Policy Committee was established and in 1954 made its report to
the General Assembly. The report incorporated a draft of a law
which proposed to adopt the principle of prior appropriation for
surface water. Owing to the drastic nature of this proposal in the
light of the long history of the riparian rule in South Carolina, and
doubtless also to a lack of what could be considered really critical
water problems threatening the State's economy, no general water
law has yet been passed. The pollution-control law of 1950 represents the most substantial step taken to date to attack a water
problem on a State basis.
The State in its presentation to the Senate Select Committee on
National Water Resources (State Officials, 1960, p. 303-304) points
out South Carolina's relatively fortunate position in its abundant
water supply and lack to date of critical problems. It points out
that there is still disagreement as to what water policy the State
should adopt, but that there is
unanimity of opinion that a State agency should accumulate more technical
data on South Carolina's water resources and lises, and that projections be
made for future short- and long-range needs * * * The Governor is prepared to
propose to the general assembly the establishment of a State water resources
board to coordinate all of the State's water resources activities such as: use and
development of streams and rivers, quantity and quality control, water pollution control, negotiations with Federal and other State governments, and other
responsibilities which may be assigned.

The State is alert to its needs and can be expected to take
progressively more concrete steps toward the realization of a sound
and effective water policy as the development of its large water
resources continues and as problems of competition and contamination become more acute.
SOUTH DAKOTA
Moderate water supply and large potential water demand; sources of ground
water widespread but quality of much of water poor. Precipitation from a little
less than 14 to a little more than 28 inches; averages about 18 inches. Runoff
from less than 0.25 inch in northeast center to about 2,5 inches in Black Hills;
averages about 0.7 inch for total of 2.6 bgd. Only large stream is Missouri
River, which brings in about 14 bgd from North Dakota and discharges about
17% bgd at Nebraska line: flow increases to about 21% bgd at southeast
corner of South Dakota. All other streams have had zero or near-zero flows,
and Missouri has flowed as little as 1.6 bgd.
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Ground water available in small taiunoderate and locally large quantities
from one or more aquifers in nearly all parts of State. Westtof Missouri
River ground water is generally saline except in outcrop areas near Black
Hills, in Upper Cretaceous sediments in northwest, and in Tertiary and
Quaternary sediments in south center. East of Missouri, Dakota Sandstone is
most extensively developed aquifer but glacial drift constitutes a potentially
important aquifer, the principal one in the State capable of large future
development.
Withdrawal use of fresh water in 1960 about 280 mgd, 8.6 mgd surface
water and 46 mgd ground water for public supply, 26 and 33 mgd for rural
supply, 6.8 and 6.7 mgd for industrial supply of which only 1 mgd surface
water used for public-utility fuel-electric power, and 120 and 34 mgd (130,000
and 38,000 acre-feet) for irrigation plus conveyance loss of 86 mgd (96,000
acre-feet). About 3.9 mgd saline ground water used by industry. Hydropower
use about 11 bgd.
Major problems in next 20 years relate to stabilizing agriculture, chiefly
through more adequate water supplies; broadening industry and recreational
pursuits; and supporting urban services. Eastern area has good soil in large
part and has the most dependable water supply, but floods in some years and
droughts in others are problems. Increased storage on local streams and
development of ground water from glacial drift could solve part of problem
but additiional water will be needed and Missouri River is obvious source.
East-central area -offers greatest opportunities for additional agricultural
development if water can be furnished. Precipitation is less than farther
east and in many years is inadequate for crops and grass. Missouri River
water proposed for expanded irrigation but storage on local streams also
needed for flood and erosion control and to provide additional water for
water supply and waste dilution. West-central area is principal stockraising
area; hydrologic conditions generally unfavorable for additional economical
storage on local streams for irrigation and flood control. Principal needs are
for stock water, recognized by construction of 70,000 small reservoirs, mostly
in recent years; and for stabilization of winter feed supply for stock, hoped
to be realized through expansion of feed-crop growth in east-central area.
Black Hills area has relatively abundant runoff but water supplies needed for
municipal, recreational, and mining uses are commonly difficult and expensive
to develop. Most of surface flow already appropriated for downstream
irrigation.
Economical techniques for saline-water conversion would be especially useful
in this State, where there is considerable ground-water potential but much
of water is saline. Substantial hydrologic studies made to date but much
additional information needed, especially on location and yield of aquifers and
on quality of both ground and surface water.
As in North Dakota, there is growing awareness of needs for hydrologic
information and for action to develop water from Missouri River and from
the ground to improve the State's economy.

South Dakota is very similar to North Dakota in its physiography,
geology, and hydrology. South Dakota has slightly greater precipitation resulting from greater influence of air masses from the Gulf
of Mexico. The Black Hills, along with the increased precipitation,
are largely responsible for a somewhat greater total runoff.
The western two-thirds of South Dakota is in the Great Plains
physiographic province and the eastern third is in the Central Low-
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land province. The Black Hills make up a small, separate section
of the Great Plains province in the southwestern part of the State.
The rest of the Great Plains is mostly in the Missouri Plateau,
divided into the large unglaciated section west of the Missouri
River and the smaller glaciated section east of the river. A small
area along the south edge represents the north edge of the High
the State is divided between the Unglaciated and Glaciated Central
Lowland coincides very roughly with the western margin of the
James River basin. The Lowland is made up mostly by the Western
Lake section and includes the South Dakota part of the "prairie
pothole" country; but the southeastern part of the Lowland in
general, the drainage area of the Big Sioux River is in the Dissected
Till Plains section. Except for the small area of the High Plains,
the State is divided between the Unglaciated and Glaciated Central
ground-water regions, the boundary lying generally along the
Missouri River.
The State is underlain by consolidated to semiconsolidated sedimentary rocks of Paleozoic, Mesozoic, and early Tertiary age. These
are mantled in the High Plains by semiconsolidated to unconsolidated
sediments of later Tertiary age; in virtually all the area east of the
Missouri River by glacial drift of Quaternary age; and along the
streams by alluvium of Quaternary age including, especially along
the Missouri River and in the glaciated area, some glacial outwash.
The sedimentary rocks of Paleozoic and Mesozoic age form a shallow
basin lying between structurally high areas represented by the Black
Hills in the west and the nearly buried Sioux Quartzite ridge in the
east. The strata dip gently except near the Black Hills, where they
are upturned steeply.
The annual precipitation is least, about 14 inches, in the northwest corner of the State and increases gradually toward the east and
southeast and rapidly toward the Black Hills to the south. In the
Black Hills the precipitation averages a little more than 20 inches;
just to the east it averages a little more than 15. In the middle of
the State the precipitation ranges from about 16 to 17 inches on the
north to 19 to 20 on the south. In the eastern third it ranges from
about 20 inches on the north to 22 or 23 on the south. In the State
as a whole it averages about 18 inches, about an inch more than in
North Dakota.
In the average year, three-fourths to four-fifths of the precipitation occurs during the growing season, April-September. There are
great variations from year to year, however. In the 30 years preceding 1959 the average for the State as a whole ranged from as much
as 30 inches to as little as 12 (State Officials, 1960, p. 316). In the
eastern section of generally greatest precipitation there have been
variations from 50 to 10 inches (idem, p. 306). Periods of several
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successive years of drier or wetter than normal weather are common. There are variations in the usual pattern within years as well
as from year to year, and sometimes the seasonal distribution is such
that crops are poorer in a particular year than they are in another
year of less total, but better distributed, precipitation. For example,
in 1960 the spring was wet in much of eastern South Dakota, but
there was little rain in late July and August and as a result the
yields of some crops were poor. It is variations in precipitation,
and thus in soil moisture, that are principally responsible for the
instability of agriculture which in recent years has been marked
by an annual decline of 1 to 2 percent in farm population (idem,
p. 316).
The State is almost entirely within the Missouri River basin. The
northeast corner drains into the Red River of the North through
tributaries emptying into Lake Traverse and the Bois de Sioux
River.
The Missouri River flows generally southeastward through the
State from the north-central edge to the Nebraska line between
Gregory and Charles Mix Counties. Thence it forms the South
Dakota-Nebraska border to the southeast corner of South Dakota
just above Sioux City, Iowa.
The principal tributaries that enter the Missouri River from the
west are, from north to south, the Grand, Moreau, Cheyenne, Bad,
and White Rivers. The Keyapaha drains a small area in the south
center and enters the Niobrara River, a tributary of the Missouri,
in Nebraska. The Little Missouri drains the northwest corner and
enters the Missouri in North Dakota. The Cheyenne is the largest
of the western tributaries and drains the entire Black Hills area.
On the east the major tributaries of the Missouri flow southward
and enter the Missouri at or near the southeast corner of the State.
They are the James on the west, the Big Sioux on the east, and the
Vermillion between them. The Big Sioux forms the eastern border
of South Dakota where it adjoins Iowa.
Of all the streams in South Dakota only the Missouri has a large
and well-sustained flow. Nearly all the other streams have had zero
flow at one or more times during periods of record extending back
into the 1940's, 1930's, or 1920's. The only exceptions are the White
River at Oacoma, whose minimum flow in 1928-57 was 0.5 cfs; and
the Big Sioux, whose minimum flow at Dell Rapids in 1948-57 was
1 cfs and at Akron, Iowa, in 1928-57 was 7 cfs (U.S. Geol. Survey,
1960b, p. 76-77).
The Missouri brought in an average of about 14 bgd from North
Dakota during 1929-57. At Mobridge, S. Dak., below the mouth
of the Grand, the average flow during that period was about 14.4
bgd. At Fort Randall Dam, just above the Nebraska line, the flow
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in 1947-57 was about 17.6 bgd. At Sioux City, Iowa, the flow in
1897-1957 averaged about 21.5 bgd.
The annual runoff is 0.25 inch or less in an area generally between
the James and Missouri Rivers north of the latitude of Huron. It
is 0.25 to 0.5 inch in an adjacent belt and in a prong that extends
southwestward up the Cheyenne River to the foothills of the Black
HiHs. It is 0.5 to 1.0 inch in the rest of the State except in the Black
Hills, where it rises to about 2.5 inches; and in a strip along the
south-central and east-central edges of the State and in the southeast
corner, where it rises above an inch and is about 2 inches at the
southeast corner near Sioux City, Iowa. It averages about 0.7 inch
for a total of 2.6 bgd from South Dakota's 77,047 square miles. The
smallness of the runoff emphasizes the importance of ground water,
which in 1960 accounted for more than two-fifths of the total withdrawal use; and of the Missouri River, which represents the largest
single source for potential future development.
Water use currently is modest. Withdrawal use in 1960 totaled
a little more than 280 mgd, only about 400 gpd per capita which is
low for a State in which irrigation is important. The use of fresh
water was distributed as follows: 8.6 mgd of surface water and 46
mgd of ground water for public supply, 26 and 33 mgd for rural
supply, 6.8 and 6.7 mgd for industry (including 1 mgd of surface
water used in generation of public-utility fuel-electric power), and
120 and 34 mgd (130,000 and 38,000 acre-feet) for irrigation. In
addition to the water applied for irrigation, about 86 mgd (96,000
acre-feet), largely surface water, was accounted for by conveyance
losses. About 3.9 mgd of saline ground water was used by industry.
Hydropower use was substantial, about 11 bgd, representing mostly
Missouri River water.
GROUND-WATER STUDIES

COMPLETED STUDIES

A substantial amount of information on ground water is available
in publications of the Federal and State Geological Surveys. Several
of the old reports of the Federal Survey relate to or contain information on ground water in South Dakota. The oldest is a report by
Darton (1896a) on artesian water in a part of the Dakotas, that in
South Dakota covering the area east of the 101st meridian that is,
east of a line a few tens of miles west of the westernmost longitude
reached by the Missouri River. Another report by Darton (1897)
describes developments in artesian-well drilling and irrigation in
eastern South Dakota.
A report by Todd and Hall (1904) describes the water resources
of a part of the lower James River valley, from a little north of
Huron to a little south of Mitchell and Alexandria. Reports by
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Darton (1901, 1909a) describe the geology and water resources of the
southern and northern Black Hills and adjacent area.
A report by Darton (1905) presents general information on the
central Great Plains, including most of South Dakota. A later report
by Darton (1909b) is the first devoted entirely to the subject of
ground water in South Dakota. A still later one by Darton (1918)
presents more details about artesian water in the vicinity of the
Black Hills.
Meinzer (1929) discussed problems of quality of water in the
Dakota Sandstone, the principal artesian aquifer in eastern South
Dakota, with particular reference to the Canton area southeast
of Sioux Falls. In an earlier report, Meinzer and Hard (1925) discussed the artesian water of the Dakota Sandstone in North Dakota,
with emphasis on the Edgeley quadrangle in the southeastern part
of that State. Much of what is said in general about the Dakota
Sandstone in North Dakota applies to South Dakota also.
Leverett (1932) described the Quaternary geology of Minnesota
and parts of adjacent States, including the glaciated area of South
Dakota. Much of the information on glacial deposits is of interest
in relation to ground water. A recent report by Flint (1955) is
devoted entirely to glaciation in eastern South Dakota.
Folios of the Geologic Atlas of the United States covering quadrangles in South Dakota contain some information on ground water.
Included are the following:
Folio No.

85
96
97
99
100
107
108
113

Quadrangle

Oelrichs, S. Dak.-Nebr.
Olivet.
Parker.
Mitchell.
Alexandria.
Newcastle, Wyo.-S. Dak.
Edgemont, S. Dak.-Nebr.
Huron.

Folio No.

Quadrangle

114 De Smet.
127 Sundance, Wyo.-S. Dak.
128 Aladdin, Wyo.-S. Dak.-Mont.
156 Elk Point, S. Dak.-Nebr .-Iowa.
164 Belle Fourche.
165 Aberdeen-Redfield.
209 Newell.
.219 Central Black Hills.

A. N. Sayre (1936) of the U.S. Geological Survey, in a report to
the U.S. Corps of Engineers, described ground-water supplies and
dam sites in the James and Sheyenne River basins in eastern North
and South Dakota. M. E. Kirby (1935) of the Corps of Engineers,
in a report prepared under the direction of Sayre, described ground
water in the vicinity of Huron, on the James River in east-central
South Dakota.
In a special project in cooperation between the Federal and State
Surveys, Robinson (1935) prepared a map of the piezometric surface
of the Dakota Sandstone in an area covering roughly half the area of
South Dakota, extending from the west edge of the State between
southern Harding and northern Fall Ifaver Counties eastward to a
line extending southward from southwestern Edmunds to north-
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western Gregory County. It is now recognized that the "Dakota"
in western South Dakota, including most of the area covered by
Robinson's map, is actually a group of older sandstones of the Inyan
Kara Group plus, where present, the stratigraphically higher Newcastle Sandstone. The area of 33,000 square miles shown for the
Dakota in the table on page 788 is for the formation as now
defined.
In another such project E. P. Rothrock, State Geologist, and
E. G. Ottpn of the Federal Survey prepared a report (1947) on the
ground-water resources of the Sioux Falls area.
Projects of the South Dakota Geological Survey, largely independent but for later years including some in cooperation with the
Federal Survey, have covered substantial areas and resulted in several reports, published in the Reports of Investigations series. Relatively brief reports have been published as Reports of Investigations
No. 17, by E. P. Rothrock, on the Lake Kampeska area northwest
of Watertown in Codington County; No. 24, by E. P. Rothrock and
B. C. Petsch, on a shallow-water supply for Huron; No. 30, by E.
P. Rothrock and Dorothy Ullery, on water-level fluctuations in wells
in eastern South Dakota; and No. 40, by E. P. Rothrock, on the
Miller area in Hand County. More detailed reports have been completed as follows:
Pept. Inv.
No.

25
26

Area or subject

Day County...____---_----_---_-_
Artesian conditions in west-central
South Dakota.
41 Hydrology of White River valley.___
71 Artesian conditions in southeastern
South Dakota.
72 Artesian conditions in the vicinity of
the Sioux Quartzite ridge in southeastern South Dakota.
74 Artesian conditions in east-central
South Dakota.
77 Artesian conditions in northeastern
South Dakota.
82 Geology and hydrology of glacial outwash in the Parker-Centerville area,
Turner County.
84 Geology and shallow-water resources
of the Brookings area, Brookings
County.
85 Geology and shallow-water resources
of the Watertown-Estelline area,
Codington and Hamlin Counties.
86 Geology and shallow-water resources
of the Missouri valley between
North Sioux City and Yankton.

Author(s)

Year

Rothrock________
Rothrock and
Robinson.
Rothrock.______.._
Barkley.__________

1935
1938

_-_-_do_---_-_-___

1953

Erickson.. ________

1954

_____do___________

1955

Tipton..__.--_____

1957

Lee_.__________-._

1958

Steece_-_----------

1958

Jorgensen_________

1960

1942
1952
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Pept. Inn.
No.

87

90

91

Area or subject

Author(s)

Year

Geology and ground-water resources
of glacial deposits in the Flandreau
area.
Shallow-water resources in the Wagner area, Charles Mix and Douglas
Counties.
Shallow outwash deposits in the
Huron-Wolsey area, Beadle County.

Lee and PowelL____

1961

Walker-_____------

1961a

_____do___________

1961b

Geologic quadrangle maps and reports of the South Dakota
Geological Survey contain some information on ground water. These
.cover all the quadrangles lying in the Big Sioux and James River
basins and in the Tertiary area, plus the Glencross, Little Eagle,
Miscol, and Timber Lake quadrangles covered in the series of coal
maps.
Other State reports of interest are a preliminary planning report
by the South Dakota Planning Board (1935), a report by the same
agency (1936) on artesian flow in South Dakota, and a four-volume
report by Searight and Meleen (1940) describing rural water supplies by counties. The latter report is a compilation of information
available as of 19-40 on the occurrence and availability of ground
water throughout the State. It was a cooperative product of the
Work Projects Administration, the Agricultural Extension Service
and South Dakota State College, and the South Dakota Geological
Survey.
The program of the Department of the Interior for development
of the Missouri River basin involved preparation of a considerable
number of reports on areas in South Dakota. Among those completed to date are reports on the Angostura irrigation project on the
Cheyenne River in Fall River and Custer Counties in southwestern
South Dakota (Littleton, 1949); reports on the Oahe unit of the
James River division in eastern South Dakota including on open-file
progress report (Waring and Bush, 1950) on the southeastern part
of the unit and basic-data appendixes (Jones and others, 1957) to the
final interpretive report on the whole unit, now in preparation; a
reconnaissance of. the Belle Fourche project on the Belle Fourche
River in Butte and Meade Counties in west-central South Dakota
(Rosier, 1951); open-file reports on the Cheyenne River and Standing
Rock Indian Reservations in northern South Dakota and southern
North Dakota (Maclay, 1952) and on nine towns in the Cheyenne
Reservation in South Dakota (Wilkens, 1960) ; a report on the
Rapid Valley unit of the Cheyenne division on Rapid Creek in
Pennington County (Rosier, 1953); a reconnaissance of the lower
Grand River valley in Perkins and Corson Counties (Tychsen and
Vorhis, 1955) ; a report on the Crow Creek-Sand Lake area east
of the James River in Brown and Marshall Counties in northeastern
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South Dakota (Koopman, 1957); a report on the lower Niobrara
River and Ponca Creek basins in southern South Dakota and
northern Nebraska (Newport, 1959); and a report on the Lake
Dakota Plain area, covering the southern two-thirds of an ancient
lake in the James River basin which extended from Redfield, S.
Dak., to Oakes, N. Dak. (Hopkins and Petri, 1962). A report by
Petri (1958) summarizes the quality of surface water in South
Dakota, with emphasis on the content of selenium, boron, and fluoride. One by Colby and others (1953) describes the quality of water
and problems of erosion and sedimentation in the Moreau River basin
in northwestern South Dakota.
Geology and ground water at die Jewel Cave National Monument,
in western Custer County in the Black Hills, are described by Dyer
(1961).
The current program in cooperation with the South Dakota Water
Resources Commission began in 1955. Cooperation with the State
Geological Survey was resumed in 1959. Products completed to
date in cooperation with the two agencies include a map of eastcentral South Dakota (in general, the area between Aberdeen and
Huron and west of the James River) showing areas underlain by
more than 25 feet of permeable sand and gravel, largely of glacial
origin (Jones, 1956b), a progress report on the cooperative investigation (Jones, 1956a), a progress report on artesian wells in the whole
State (Davis and others, 1961), and the previously cited report on
glacial deposits in the Flandreau area in Moody County and adjacent parts of Brookings and Lake Counties in east-central South
Dakota (Lee and Powell, 1961).
An open-file report prepared as a part of the cooperative program
of the Federal and Nebraska Geological Surveys estimates the
amount of underflow across the South Dakota-Nebraska line in the
Niobrara River and Ponca Creek basins, of interest in relation to
compact negotiations (Reed and Keech, 1957).
CURRENT STUDIES

Current studies include two projects in cooperation with the State
Water Resources Commission, three in cooperation with the State
Geological Survey, one in cooperation with both agencies, and one
which forms a part of the Federal program for development of the
Missouri River basin.
The projects in cooperation with the Water Resources Commission are statewide. One combines a continuing inventory of artesian
wells and local studies of shallow aquifers, the latter mainly to
determine the effect on the quality of shallow water of leakage or
waste of water from artesian wells. About 1,500 wells flowing more
than 20 gpm had been inventoried by December 1959. Data collected
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through June 1958, on 1,045 wells, were published in Water-Supply
Paper 1534 (Davis and others, 1961).
The other is a project of test drilling and establishment of observation wells in shallow aquifers, as a means of both determining the
location of the aquifers and keeping track of the effects of
development.
Projects in cooperation with the State Geological Survey include
the study of the Flandreau area, mentioned previously, now virtually
completed by preparation of the report by Lee and Powell (1961) ;
studies in Sanborn and Beadle Counties, the first and second of a
series of proposed county studies; and a Statewide sudy of the
geology and occurrence of ground water, to refine the existing
information, show where additional water is available, collect
information on quality of water, and keep track of the effects of
development.
The study in cooperation with both State agencies is designed to
outline the geology and hydrology of the glacial deposits in selected
drainage basins in eastern South Dakota. Currently under study is
the Lake Madison-Skunk Creek basin, an area of about 675 square
miles west of the Flandreau area, in Lake, Moody, and Minnehaha
Counties.
The Federal project is a study of the geology and ground-water
resources of the Pine Ridge Indian Reservation in southwestern
South Dakota. The purpose of the project is to determine the
quantity and quality of ground water available for domestic,
agricultural, and industrial use.
PROPOSED STUDIES

Three general types of studies are proposed to meet future needs.
The first would include studies of specific areas, generally counties,
to obtain and present up-to-date information on the availability of
water for domestic, municipal, industrial, and irrigation use, for
the information of both water users and State and county officials
responsible for planning future developments.
The second would be long-range studies of the occurrence of
artesian water in the central. and western parts of the State and
the availability of water to meet large-scale demands. The studies
would indicate where and how much water is available, and also its
quality in relation to anticipated future desalination projects similar
to that at Webster in northeastern South Dakota, where the second
of the pilot plants of the Interior Department's Office of Saline
Water went into operation in" 1961.
The third would be an extension of the studies of glacial deposits
in eastern South Dakota, now begun in the Lake Madison-Skunk
Creek basin, to provide at least general quantitative information on
the availability of water for large-scale uses, especially irrigation.
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GROUND-WATER RESOURCES

Ground water is an important resource in South Dakota, as it
meets the bulk of the demand for municipal and rural water, about
half the demand for industrial water, and a substantial fraction of
the demand for irrigation water.
South Dakota, like its sister State to the north, is an area in which
artesian water has been of the utmost importance in the settlement
of the State and the development of agriculture, the chief industry.
Artesian aquifers, from which water flows or once flowed or is available from moderate depths, underlie nearly all the State. Shallow
ground water is absent or scarce in much of the State, especially
in the unglaciated western two-thirds. Hence, the availability of
artesian water and the development of low-cost methods of drilling
deep wells were of special importance in enabling settlement, which
otherwise might have been confined to river valleys where water is
available from alluvium. Much of the artesian water is of rather
poor quality, but it has been used nevertheless.
In recent years the potential importance of water, of generally
better quality, in glacial drift in the eastern third of the State and
in unconsolidated deposits in the western two-thirds (including the
deposits of the High Plains along the south edge of the State) is
becoming more generally realized, and most current effort in groundwater studies is devoted to these unconsolidated-rock aquifers.
Even in the glaciated eastern part of the State, the artesian
aquifers have been better known and more generally developed than
those in glacial deposits. In 1960 about 40 mgd was withdrawn from
the Dakota Sandstone in the eastern part of the State.
The following table lists the principal aquifers of Paleozoic or
later age in the State, the geologic system or series to which each
belongs (in descending order, as the strata are penetrated by the
drill), the approximate area of extent and the maximum thickness,
the "aquifer potential," the "state of development," and the salinity
of the water. The latter three items are shown in terms of numbers
up to 5. As to aquifer potential, 0 indicates a nearly impervious
rock and 5 an aquifer of high potential. As to development, 0 indicates a virtually undeveloped aquifer, 1 to 3 indicate increasingly
greater withdrawal, 4 indicates a withdrawal about equal to the
estimated substained yield, and 5 indicates withdrawal in excess
of estimated current replenishment. As to dissolved-solids content,
the numbers 1 to 5 have the following meaning, in parts per million:
Parts per million
1 ________________________________
0- 500
2 _______________________________.. 500-1,000
3 __________.__.______________1,000-2,000
4 _____________________________2,000-^3,000
5 ______________________.______3,000+
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Principal aquifers in South Dakota
[System or series: Ca, Cambrian; Ord, Ordovician; Miss, Mississippian; Penn, Pennsylvania!!; Perm,
Permian; Tr, Triassic; Ju, Jurassic; K, Cretaceous; Pal, Paleocene; Ol, Oligocene; Mio, Miocene; Plio,
Pliocene; Q, Quaternary; L, Lower; M. Middle; U, Upper]

Aquifer

System or Series

Q.- ... ... Plio.-----.-----.
O1- ------Fort Union Formation __ . PaL... -----UK.UK..
UK. ............
Codell Sandstone Member of Carlile Shale.
UK.
UK
LK___
LK_--___
UJu... --------Unkpapa Sandstone--UJu-_ -

subsurface equivalents.

Estimated Maximum Estimated
potential
thickness
extent
as aquifer
(sq mi)
(feet)

Salinity
of water

0)
3,000
5.000
(')
2,700
8,700
11,600
70,000+

(')
200
500
300
1,000
425
250
400

5
2
3
0-1
1
1
1
3

1
1
1
0
2
1
3
3

1-5
1-2
1-2
1-3
3-4
3
1-3
3-4

70,000+
33,000
(')
46,000

350
460
100
600
225
450
700
50
1,200
900

1
5
1
3
0-1
0-1
0-1
2
5
3-4

3-4
4
0
1-2
0-1
1
1
1
1
0-1

4-5
3-5
3-5
3-5
2-5
5
5
2-5
1-5
1-5

5
3
2

0
0
1

3-5
3-5
2-5

(')

-

40,000
32,000
39,000
37,000
39,000

UOrd.
MOrd...LOrdandUCa..

32,000
30,000
(')

LMiss.-..-

State of
development

760
425+
450

1 Unknown.

In the following descriptions of aquifers, "water of good quality"
means watec. that contains less than 1,000 ppm of dissolved solids
and is acceptable for domestic use and irrigation. "Saline water"
means water containing more than 1,000 ppm of dissolved solids;
in South Dakota, much of it contains more than 2,000 ppm.
FRECAMBRIAN ROCKS

Precambrian "basement rocks," not listed in the table above,
underlie the whole State but crop out at the surface or beneath
glacial drift in relatively small areas. Schist, quartzite, slate, pegmatite, granite, and amphibolite crop out in perhaps 1,000 square miles
in the core of the Black Hills uplift in Lawrence, Meade, Pennington, and Ouster Counties. These rocks discharge some tens of
thousands of acre-feet per year of water of good quality into
streams through springs and\ seeps emerging from fractures in the
rocks. The water as it appears in the streams is fully appropriated
for use in downstream areas, and consumptive use of any substantial
fraction of the water in the Black Hills would affect downstream
water rights. Similar rocks crop out beneath the glacial drift in
southeasternmost Eoberts and northeastern Grant Counties in northeastern South Dakota but are hydrologically unimportant.
The Sioux Quartzite of Precambrian age underlies most of southeastern South Dakota and crops out beneath the drift in a sizable
area, and at the land surface in small areas, in Davison, Hanson,
McCook, Minnehaha, Turner, and Lincoln Counties. It consists of
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massive quartzite interbedded with, thin shale and a few porous
zones of poorly cemented quartz sand. Locally it yields small quantities of water from fractures or from the porous zones.
DEADWOOD FORMATION

The Deadwood Formation of Late Cambrian and Early Ordovician
age crops out around the Black Hills and underlies an unknown area
downdip. It consists of quartz sandstone, commonly conglomeratic,
gray and green shale, limestone, and, where thickest, thin-bedded
soft sandstone interbedded with clay. It has a maximum known
thickness of 450 feet. The sandstone yields small to moderate
amounts of good to saline artesian water used for stock and domestic
supplies. In some localities the aquifer could support a modest
increase in withdrawal.
WINNIPEG FORMATION

Sandstone and shale of the Winnipeg Formation of Middle Ordovician age lie above the Deadwood Formation in the northern Black
Hills. In the subsurface north and northeast of the Black Hills the
formation thickens to at least 425 feet. The sandstone unit is
reported to yield saline water under pressure where penetrated by
oil test holes in northwestern South Dakota. The water is not used,
and the potential of the supply for development is unknown but on
the basis of reported yields is estimated at 3 in the preceding table.
BIGHORN GROUP

The Bighorn Group of Late Ordovician age crops out in a narrow
band around the north side of the Black Hills and underlies some
32,000 square miles in the western, northwestern, and north-central
parts of the State, extending southward to Pennington County,
southeastward to 20 or 30 miles northwest of Pierre, and eastward
to western Brown County. It consists of massive tough mottled buff
limestone and dolomite and is as much as 760 feet thick. It contains
a large volume of saline water under high artesian pressure at
temperatures as high as 225°F. It is undeveloped as a source of
water.
SILURIAN AND DEVONIAN ROCKS

Rocks of Silurian and Devonian age do not crop out but are
present in the subsurface in northwestern and north-central South
Dakota. Their potential as aquifers is unknown.
PAHASAPA LIMESTONE AND SUBSURFACE EQUIVALENTS

The Pahasapa Limestone and subsurface equivalents of Early
Mississippian age underlie an area similar to but extending a little
farther southeastward and southward than that of the Bighorn
Group, extending to a line running approximately from northwestern
671316 O 63

51
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Brown County past Pierre to the Nebraska line in southeastern Fall
River County an area of about 39,000 square miles. The unit consists of massive light-gray to buff limestone or dolomite and is as
much as 900 feet thick.
The Pahasapa and equivalents are cavernous and highly permeable. Surface streams that cross the outcrop, which surrounds the
Black Hills, lose all or part of their water into the limestone. In the
surrounding area wells yields large quantities of good to saline water
under high artesian pressure. The water that moves downdip helps
to recharge overlying formations. In the central part of the State
several wells more than 4,000 feet deep flow 100 gpm or more each
from the subsurface equivalents of the Pahasapa. These wells supply
water for one large stock ranch and for the towns of Midland and
Eagle Butte. Considerably more water could be withdrawn from
the unit than now is.
MINNELUSA FORMATION

The Minnelusa Formation of Pennsylvanian and Permian age
underlies about 37,000 square miles northwest of a line running
approximately from the North Dakota line in northeastern McPherson County through Pierre to the Nebraska line in southwestern
Bennett County. It crops out in a belt surrounding that of the
Pahasapa Limestone and has a maximum known thickness of about
1,200 feet. At the base it consists of red shale interbedded with
limestone and sandstone; in the middle, of interbedded sandstone,
limestone, dolomite, shale, and anhydrite; and at the top, of yellow
to red sandstone and limestone. The sandstone beds are commonly
fine grained and limy, but they yield abundant supplies of good to
saline water under high pressure. Several irrigation wells in the
northern Black Hills obtain good water from the Minnelusa. A well
drilled near Sturgis initially yielded 4,000 gpm. The flow has been
reduced to about 750 gpm, at a temperature of 68°F; the closed-in
pressure is 160 pounds per square inch.
The water supply of the Minnelusa is developed on only a modest
scale but would support a large sustained yield.
MINNEKAHTA LIMESTONE

The Minnekahta Limestone of Permian age underlies about 39,000
square miles northwest of a line running approximately from the
North Dakota line in McPherson County a little west of Pierre to
the Nebraska line in Todd County. It reaches a maximum known
thickness of 50 feet and crops out in a narrow band around the
Black Hills. It is not generally considered an aquifer, but in such
areas as the northeast flank of the Black Hills it yields moderate
quantities of at least slightly saline water to both flowing and nonflowing wells. Because the limestone is hard and dense, is not notably
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cavernous, and crops out in only a narrow band, it is not freely
recharged in the outcrop. Apparently the water in it is derived
largely from underlying rocks, moving upward along joints and
faults. The water supply is only slightly developed but has a moderate potential.
SPEARFISH FORMATION

The Spearfish Formation of Permian and Triassic age underlies
about -32,000 square miles northwest of a line running approximately
from the North Dakota line in McPherson County to the Nebraska
line in Bennett County, passing some 20 or 30 miles west of Pierre.
It consists of as much as 700 feet of sandy red shale and soft red
sandstone and siltstone and contains masses and stringers of gypsum
and limestone. It crops out in a belt a few miles wide running
around the Black Hills. It is of generally low permeability but
yields small quantities of saline water at widely scattered localities,
generally from cavernous zones formed by solution of gypsum. It
has only a small potential for further development.
UNDIFFERENTIATED ROCKS OF JURASSIC AGE

Oil drillers in the Williston basin in northwestern South Dakota
and adjacent North Dakota and Montana report as much as 60 feet of
massive crossbedded salmon-colored sandstone believed to be of
Jurassic age. The water-bearing character of the sandstone is
unknown.
As much as 45 feet of red siltstone containing lenses and stringers
of gypsum and limestone, believed to represent the Gypsum Spring
Formation of Middle Jurassic age, is found in northwestern South
Dakota. It is low in permeability but is reported to yield small
quantities of saline water to a few wells.
STJNDANCE FORMATION

The Sundance Formation of Late Jurassic age underlies about
40,000 square miles west of a line that runs approximately from the
North Dakota line in northwestern McPherson County southwestward to eastern Dewey County, southeastward about 20 or 30 miles
east of Pierre to central Lyman County, and then southwestward to
the Nebraska line in south-central Todd County. It consists of as
much as 450 feet of gray-green shale containing some limestone,
sandstone, and red shale. It is of low to moderate permeability.
Locally it is reported to yield flows of saline, corrosive water.
TJNKPAPA SANDSTONE

The Unkpapa Sandstone of Late Jurassic age crops out in the
eastern Black Hills and underlies a small area extending perhaps
as much as 10 to 15 miles east from the outcrop. It, consists of as
much as 225 feet of fine-grained massive sandstone ranging from
white to purple or buff. It is not considered an important aquifer
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but yields small quantities of at least slightly saline water to some
wells. A modest increase in the current withdrawal would be possible.
INYAN KARA GROUP

The Lakota and Fall River Formations represent the Inyan Kara
Group of Early Cretaceous age in South Dakota. The lower sandstone member of the Lakota Formation, formerly considered a separate formation and called the Lakota Sandstone but now called the
Chilson Member, underlies about 46,000 square miles west of a line
running approximately from the North Dakota line in northwestern
Brown County to the Nebraska line in south-central Todd County.
It is a hard coarse, locally conglomeratic buff to gray sandstone containing thin partings of shale and reaching a maximum known
thickness of 485 feet. It is a permeable and productive aquifer, but
except in and near its outcrop it yields saline water. The water is
usually under enough pressure to flow from wells. The supply is
developed only moderately and could support a considerably greater
withdrawal, even though the recharge is small and most of the water
withdrawn would come from storage.
Above the Chilson Member in the Lakota Formation are the relatively thin and impermeable Minnewaste Limestone Member and the
Fuson Member, a shale. These were formerly recognized as separate
formations. They are not considered aquifers.
Above the Lakota Formation but covering a smaller area of about
30,000 square miles, mainly in the western part of the State, is the
Fall River Formation, up to 200 feet of fine- to medium-grained
massive white to buff sandstone containing thin layers of silt and
day. The Fall River is seldom differentiated in drill holes from
the sandstone of the Lakota Formation below, and little is known of
its water-bearing capacity as a separate aquifer; hence, it is not listed
in the preceding table. The sandstone of the Lakota Formation
and, where they are present, sandstone of the Fall River Formation
and the Newcastle Sandstone are the "Dakota" Sandstone of the
older reports on western South Dakota and adjacent area.
NEWCASTLE SANDSTONE

Above the Inyan Kara Group is the Newcastle Sandstone of
Early Cretaceous age. The sandstone is as much as 100 feet thick
and covers an unknown area in western South Dakota and adjacent
areas. It is an important producer of saline water in Wyoming but
its potential in South Dakota appears to be low.
GRANEROS SHALE AND DAKOTA SANDSTONE

Above the Newcastle Sandstone is the Graneros Shale of Early
and Late Cretaceous age, of which the Newcastle was formerly considered a member. The Graneros is mostly shale but contains a
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few thin beds of sandstone which may yield small quantities of
highly mineralized water.
The Graneros, which crops out in a belt several miles wide around
the Black Hills, appears to grade eastward into the Dakota sandstone
of Late Cretaceous age. Together the Graneros and Dakota underlie
the whole State except for the area of older rocks in the Black Hills
and wedge-shaped areas in northeastern and southeastern South
Dakota. The wedge in the northeast takes in all but westernmost
Grant County and parts of adjacent counties. That in the southeast
extends westward as far as central Davison County, northward to
the general vicinity of Brookings, and southward to about the latitude of Canton in central Lincoln County.
The Dakota Sandstone underlies about 33,000 square miles in
eastern South Dakota. East of the eastern limit of the Lakota
Formation it lies on the Precambrian bedrock. It is a soft moderately
fine grained porous light-gray sandstone as much as 460 feet thick.
It is a major source of ground water in eastern South Dakota.
The Dakota is not uniformly permeable but yields water from
zones of relatively great permeability separated by zones of lower
permeability. As many as seven separate zones are recognized in
some places. The water ranges from soft or moderately hard to
extremely hard and generally is saline.
The Dakota is tapped by thousands of flowing and pumped wells
in eastern South Dakota but is developed imost heavily in the
James River basin, where the total discharge is- probably declining
slowly toward the rate of maximum sustained yield. A total of
about 40 mgd was withdrawn from the Dakota>vin 1960, about 36
mgd from flowing wells and 4 mgd from pumped wells.
GREENHORN LIMESTONE

Above the Graneros Shale and Dakota Sandstone is the Greenhorn
Limestone of Late Cretaceous age, which covers virtually the whole
State except for the area of older rocks in the Black Hills and the
areas where the Sioux Quartzite forms the bedrock in southeastern
South Dakota. The Greenhorn is mainly a dark-gray calcareous
shale. In the western part of the State, where a thin limestone
member lies at the base and there is as much as 30 feet of slabby
impure limestone at the top, the maximum thickness of the Greenhorn is about 350 feet. In southeastern South Dakota, around the
Sioux Quartzite ridge, the Greenhorn is about 30 feet thick and
yields soft to moderately hard saline water to some farms and
homes. Flowing wells generally yield less than 5 gpm, and many
wells are pumped. The Greenhorn is not widely tapped as an aquifer,
and its additional potential is small.
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CAKLILE SHALE AND NIOBRARA FORMATION

Above the Greenhorn Limestone are the Carlile Shale and Niobrara
Formation of Late Cretaceous age, which crop out around the Black
Hills and underlie an area similar to that underlain by the Greenhorn. Both the Carlile and the Niobrara crop out locally in southeastern South Dakota, and the Niobrara crops out along the Missouri
River near and south of Chamberlain.
The Carlile consists of as much as 750 feet of gray shale grading
from dark at the bottom to light at the top. It contains many large
concretions and sandy layers. At or near the top is the Codell
Sandstone Member, a fine-grained quartz sandstone as much as 80
feet thick. The Niobrara Formation is a chalky marl containing
shale and clay, ranging in thickness from 120 feet in eastern to 400
feet in western South Dakota.
The Codell and Niobrara appear to form a single aquifer, as much
as 400 feet thick, in eastern South Dakota. The water is generally
soft to moderately hard and saline. The aquifer is heavily developed
for farm and domestic use in the central and southern James River
basin but appears to be capable of substantial additional
development.
PIERRE SHALE AND FOX HILLS SANDSTONE

The Pierre Shale of Late Cretaceous age overlies the Niobrara
Formation and underlies all South Dakota except for the area of
older rocks around the Black Hills, a small area south of Big Stone
Lake in northeastern South Dakota, the James River valley in, the
20 miles or so south of Mitchell, the lower Vermillion and Big Sioux
River valleys, and the area along the Missouri River where the river
forms the South Dakota-Nebraska border. It is the first of the
Mesozoic rocks to have large areas of outcrop, cropping out not
only in a broad belt around the Black Hills uplift but also west of
the Missouri River in a large triangle that extends westward to join
the outcrop east of the Black Hills at the junction of the Belle
Fourche and Cheyenne Rivers. The Pierre is as much as 2,500 feet
thick. It is mainly shale that is highly impermeable; locally,
however, fractured or sandy zones at the top of the Pierre yield
small supplies of highly mineralized water.
The Fox Hills Sandstone, also of Late Cretaceous age, overlies
the Pierre Shale in-about 11,600 square miles in northwestern South
Dakota, north of the Belle Fourche River. It crops out in a belt
as much as 30 to 40 miles wide adjacent to the outcrop of the Pierre,
and then passes beneath the younger Hell Creek Formation to the
northwest.
The Fox Hills is a grayish-white to yellow sandstone as much as
250 feet thick. It commonly yields moderate quantities of water of
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good quality to properly constructed wells. The supply is rather
heavily developed but could support a modest increase in withdrawal.
HELL CREEK FORMATION

The Hell Creek Formation of Late Cretaceous age overlies the
Fox Hills in about 8,700 square miles in northwestern South Dakota.
It crops out except where it is overlain by the Fort Union Formation. It consists of as much as 425 feet of brown shale and gray
sandstone; it is sandiest in its lower part, which contains lenses of
lignite also. Concretions and lenses of iron compounds are common.
The formation yields small supplies of water to farm wells, and it
has only a modest potential for further development.
FORT UNION FORMATION

The Fort Union Formation is the oldest rock of Tertiary age in
South Dakota. It overlies the Hell Creek and is the surficial rock
in about 2,000 square miles. The outcrops lie within a crude triangle
whose base is the North Dakota line between longitudes of 101 °00'
and 103°30' and whose apex is 10 or 15 miles south of the Moreau
River. The formation is divided into three outcrops by a belt of
outcrop of the Hell Creek Formation a few miles wide along theSouth Fork of the Grand River and a belt about 20 miles wide
along the Moreau River. Thus the outcrop of the Fort Union
south of the Moreau is small and isolated, covering only 100 square
miles or so.
The Fort Union consists of three members. The basal member is
as much as 350 feet of gray clay and sandstone containing thin
beds of lignite, the middle member as much as 225 feet of green
marine shale and yellow sandstone, and the upper member as much
as 425 feet of light-colored clay and sand containing coal beds.
The formation yields small to moderate quantities of saline water.
The city of Lemmon in Perkins County obtains a part of its water
from two wells in the Fort Union. The water has a high content
of sodium and sulfate and is barely potable. The formation is
developed on a moderate scale as an aquifer and has only a modest
additional potential because of the scantiness of the precipitation,
which is virtually the only source of recharge because the outcrops
are above the level of the larger streams.
WHITE RIVER GROUP

The Chadron and Brule Formations make up the White River
Group of Oligocene age. The group consists of as much as 300 feet
of light-colored clay, sandy channel fillings, and lenses of limestone
and underlies an area of several thousand square miles in southwestern to south-central South Dakota, around the north edge of the
High Plains. The Chadron, as much as 190 feet thick, yields small
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to moderate quantities of good to slightly saline water to shallow
wells, but its potential, like that of the Fort Union Formation, is
low because of scanty precipitation. The Brule is not known to
be water bearing.
ARIKAREE SANDSTONE AND OGALLALA FORMATION

The Arikaree Sandstone of Miocene age and the Ogallala Formation of Pliocene age underlie about 5,000 and 3,000 square miles,
respectively, in the High Plains south of the outcrop of the White
River Group, mainly in Shannon, Bennett, and Todd Counties. The
Arikaree, as much as 500 feet thick, consists mainly of light-colored
clay and silt; the Ogallala, as much as 200 feet thick, consists of
light-colored sand and silt. The formations have been developed
on a small to moderate scale and yield water of good quality. They
have not been studied sufficiently to establish their value as aquifers,
but their potential is estimated at 3 and 2, respectively, in the table
on page 788.
GLACIAL DEPOSITS

Glacial drift underlies virtually all the area east of the Missouri
River. The limit of the thick drift lies along the river south of
about 44° north latitude and touches the river or is no more than
a few miles east of it in the area to the north. The deposits of
drift or scattered boulders of a substage preceding the last one
extend as much as 40 miles west of the river in the area north of a
point 25 miles south of Chamberlain. The drift east of the river
is as much as 700 feet thick, though the average thickness is much
less, perhaps no more than 40 feet (Flint, 1955, p. 27). It consists
mainly of clay but include lenses or surficial sheets of outwash sand
and gravel which collectively form the most promising source of
ground water of good quality for future development in the State.
The water supply is already developed on a substantial scale for
domestic, municipal, and irrigation use, but in relation to the potentially available supply the development to date can be considered
small. The water generally is of good quality but locally is saline.
The principal published source of information on the character
and distribution of the glacial deposits is the report of Flint cited
above. Plate 1 in his report is a map of the glacial deposits and
shows the distribution of outwash deposits at the surface. Information on the subsurface distribution of permeable deposits is relatively scanty. The report of Searight and Meleen (1940) does not
consistently identify as glacial drift the aquifers penetrated by
shallow wells east of the Missouri, but much can be inferred from
the information given in the report as to the water-bearing character
of the drift. Maps and reports of the State series mentioned on
page 784 contain some information on ground water in the glacial
deposits.
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The few detailed studies made to date present specific information on the subsurface deposits. These include the studies in the
Sioux Falls area (Rothrock and Ottoii, 1947), the Oahe unit (Waring
and Bush, 1050; Jones and others, 1957), the Crow Creek-Sand Lake
area (Koopman, 1957), the Lake Dakota Plain area (Hopkins and
Petri, 1962), the Flandreau area (Lee and Powell, 1961), Day
County (Rothrock, 1935), the Parker-Centerville area (Tipton,
1957), the Brookings area (Lee, 1958), the Watertown-Estelline area
(Steece, 1958), the North Sioux City-Yankton area (Jorgensen,
1960), the Wagner area (Walker, 1961a), and the Huron-Wolsey
area (Walker, 1961b). An open-file map prepared by Jones (1956b)
covers an area of a couple of thousand square miles generally west
of the James River between Aberdeen and Huron and shows by
means of contour lines the total thickness of sand and gravel where
it exceeds 25 feet. The areas where the permeable deposits are
thickest (more than 100 feet in 3 areas totaling some 75 or 80 square
miles) bear little relation to the distribution of surficial outwash;
similar conditions have been shown in other areas studied to date
and doubtless will be shown by future studies in other areas.
Nevertheless, the surficial deposits, especially those along existing
perennial streams, are the most freely recharged and the most, obvious
and readily accessible sources for immediate development. There are
actually or potentially productive deposits, mostly narrow, along
nearly all the larger streams, including most of the course of the
Missouri River across the State; many of the creeks that enter the
Missouri directly; and the James, Vermillion, and Big Sioux Rivers
and their principal tributaries. Sizable areas of outwash include
widened portions of some of the river valleys, such as that of the
Missouri downstream from Yankton, the James River valley in
northern Beadle and southern Spink Counties, and the Big Sioux
and Deer Creek valleys in the vicinity of Brookings. Sizable areas
bearing little or no relation to present streams include, among others,
one in Campbell and northern Walworth Counties, crossing the
Spring Creek valley and taking in Mound City; one east of Swan
Lake in southeastern Walworth and northeastern Potter Counties;
one south of Redfield; one east of Woonsocket; a long, narrow one
extending from north of Clark in Clark County to beyond Lake
Thompson south of DeSmet in Kingsbury County and then passing
down the East Fork of the Yermillion River; and an area of outwash plains and lakes northeast of Webster. Alien F. Agnew, State
Geologist, in a report included in the State's presentation to the
Senate Select Committee on National Water Resources (State Officials, 1960, p. 320-382), mentions some of the principal outwash
deposits considered capable of substantial development, of which
only the Parker-Centerville plain along the Yermillion River has
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been pumped on a substantial scale to date 70 irrigation wells in
1959, and more since.
There is some indication that, on the average, the glacial drift in
South Dakota may have a somewhat greater average permeability
than that in North Dakota. The course of the glaciers apparently
was a little west of south (Flint, 1955, p. 137-138), so that the
glaciated area in South Dakota was nearer the terminus and should
be characterized by a higher proportion of melt-water deposits than
that in North Dakota. Also, on the average, the rocks over which the
glaciers traveled may have yielded a higher proportion of durable
fragments in South than in North Dakota. Flint (idem, p. 137) calls
attention to the high proportion of fragments of the Sioux Quartzite
in the drift in southeasternmost South Dakota, south of the main
outcrop of the Sioux beneath the drift. Large areas of the Sioux
Quartzite are present in southeastern South Dakota and adjacent
southwestern Minnesota and doubtless contributed substantially to
the debris later deposited in South Dakota. In the corresponding
area in northwestern Minnesota and adjacent North Dakota the
rocks beneath the drift are mostly relatively soft, fine-grained sedimentary rocks that might be expected to be ground up thoroughly
by the glaciers.
PROBLEMS, PROSPECTS, AND NEEDS

South Dakota's basic water problems are those related to a surfacewater supply that commonly is inadequate and variable, and a
ground-water supply that is abundant in few areas and is generally
of poor chemical quality. The chief hopes for the future lie in
expanded use of Missouri River water in the part of the State east
of the river; additional storage on other streams; development of
ground water of fairly good quality from glacial deposits, as well
as from other aquifers where they contain such water; and conversion
of saline ground water. The problems and proposed solutions are
set forth in some detail in the State's report to the Senate Select
Committee (State Officials, 1960, p. 305-332).
The economy is chiefly agricultural. Because of variations in precipitation and of a small and uncertain supply of water for irrigation,
agriculture has never been stable, alternating between prosperity in
periods of several wetter than normal years and extreme difficulty in
years of inadequate or poorly distributed precipitation. Only about
140,000 acres was irrigated in 1960, a total smaller than that in any
other of the 17 Western States except North Dakota. The chief
needs of the State are for stabilization of agriculture, broadening
of industry and recreational pursuits, and support of the related
urban activities.
The principal water source proposed for increased irrigation
supply is the Missouri River. The Oahe Reservoir, now under con-
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struction, is planned to furnish water to a large area east of the
river, principally in the James River basin. The State hopes that,
largely through use of Missouri River water and increased irrigation
with ground water, it will be possible to stabilize and increase agricultural activities east of the Missouri, including the growth of
sufficient stock feed to support an increased stockraising industry
west of the river.
Other principal reservoirs in existence, under construction, authorized, or proposed are those shown in the following list, in which the
Oahe Reservoir is included for completeness.
Principal reservoirs
[Sponsor: BR, Bureau of Reclamation; CE, Corps of Engineers. Purpose: F, flood control; I, irrigation;
M, municipal supply; N, navigation; P, power generation]
River or basin

Sponsor

Purpose

Shadehill------..-------Belle Fourche-_-__------Pactola_ __ _____________
Deerfield_-_- _ _________
Rapid Valley. --------Coldbrook.--- _ ____ _ _
Cottonwood Springs. _--_Angostura-------------Oahe __ ---------------Big Bend-------_-_-----Fort Randall ---------Gavins Point--.---.---Blunt--------___----_--Byron -----------------

Reservoir

Grand River_______ ______
Cheyenne River basin..___
____do---------------______do_. ________________
____do___ _-___ __ __
____do______.__ _ ______
__-_do__-- ______________
__--do _ _______________
Missouri River----..-.--____do___.__. .-_-_ -___
____do___-___-. _.
_
___.do__. ------------ _
Medicine Creek. ________ _
James River basin_.____ _

BR_____
BR__._.
BR._--BR-_-_BR-__-_
CE-. _
CE-___BR- __
CE--___
CE..__.
CE____.
CE_____
BR____BR_-___

F, I.
I.
F, I, M.
I, M.
I.
F.
F.
F, I, P.
F, I, N, P.
F, P.
F, N, P.
F, N, P.
I.
I.

Scatterwood. ____________
Traverse--.--.----------

__--do-__ _______---___._
Red River_------__------

BR---__
CE.__--

I.
F.

In the area west of the Missouri, the reservoirs included in the
above list apparently just about cover the range of economically
feasible projects (idem, p. 308). Thousands of stock reservoirs have
been built and have helped to stabilize the stockraising industry, and
though these involve a substantial loss of water by evapotcanspiration they have proved essential to the regional economy. The effect
of stock-pond construction on downstream water supplies appropriated for irrigation or other uses has not been evaluated fully, but
a study in the Cheyenne River basin above Angostura Dam suggested
that reservoir losses (evaporation and seepage) may account for
as much as half the runoff in a dry year (Culler and Peterson,
1953, p. 1; Culler, 1961).
East of the Missouri, no major irrigation projects except those
based on Missouri River water have been justified to date; there
is one major flood-control reservoir, Lake Traverse in the Red River
basin. Surface storage on local streams would be desirable for flood
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control, irrigation and other water-supply needs, waste dilution, and
recreation and conservation of fish and wildlife, but apparently
economic justification has been lacking so far as major projects are
concerned. Ground water is looked to as a promising source for
irrigation, and there has been a great increase in the drilling of
irrigation wells in the last several years.
The ground-water supply of the Dakota Sandstone, the principal
consolidated-rock aquifer in eastern South Dakota, is approaching
full development, The glacial drift, which is already developed on
a substantial scale, is the principal source for future development
for municipal, rural, and industrial water supplies as well as for
additional irrigation. West of the Missouri, the prospects lie mainly
in construction of wells for stock, domestic, and municipal water
(as well as of ponds for stock water). More intensive studies doubtless will extend the areas in which artesian water of acceptable
quality can be obtained. And, in the High Plains and vicinity and
at least in some areas in northwestern South Dakota, studies probably
will lead to increased development of shallow water of fairly good
quality.
More economical methods of converting saline ground water would
be a great boon to the whole State, enabling the improvement of
the quality of water used for public supply and perhaps for stock.
Many communities at present are using water containing 4,000 to
6,500 ppm of dissolved solids. Such cities as Philip and Eagle Butte
in western South Dakota and Redfield in eastern South Dakota are
among those where better water is badly needed. The city of
Webster, formerly in this class, is now benefiting from the operation
of a pilot desalination plant of the Office of Saline Water, where
about 250,000 gpd of good water is being produced from a brackish
ground-water source by the electric membrane process. If the operation proves to be successful and economical, many additional similar
plants may be built in the future.
Disposal of sewage and industrial wastes is a problem owing to
the lack during dry periods of sufficient streamflow for adequate
dilution. Thus it is necesasry to place emphasis on removal of
wastes by treatment rather than dilution by streamflow.
A great deal of effort will be required to overcome the deficiencies
of a small and variable natural water supply and so to achieve the
desired stabilization and diversification of South Dakota's economy.
The State has given evidence of its determination to do its part by
taking such steps as establishing the State Water Resources Commission for hydrologic investigations and planning, providing more
adequate support for investigations of the State Geological Survey,
and, in 1955, modifying its water laws to promote the highest possible
degree of beneficial use of the limited water resources.
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TENNESSEE

Large overall water supply but, in some areas, generally small ground-water
supplies and critical summertime shortages of streamflow. Precipitation from
about 38 inches in northeastern part of valley of east Tennessee to about 80
inches in highest parts of Great Smoky Mountains in southeast; is 50 inches or
more in most of State and averages about 50 to 51. Hunoff as little as 18 inches
in northeastern part of valley of east Tennessee and in a sizable area in
northwestern Tennessee; generally 20 inches or more elsewhere and up to 30
inches or more in mountains ; averages about 20 inches for total of 40 bgd. State
receives about 10 to 11 bgd from Virginia. North Carolina, and Georgia in
tributaries of upper Tennessee River and about 8 bgd from Kentucky in
Cumberland River and tributaries; discharges about 24 bgd into Alabama in
Tennessee River and gets back about 33 bgd in same river at junction of
Tennessee-Alabama-Mississippi State lines; has access along entire west border
to Mississippi River, which flows about 295 bgd at Memphis.
Ground water scanty to abundant. In Blue Ridge province along east
edge, wells in crystalline bedrock have small yields; wells in thin alluvium
yield generally small but locally substantial supplies; springs are numerous
and of nearly constant though not large flow and are an important source of
domestic supplies. In Valley and Ridge province, limestone yields moderate
to large supplies and is important potential source; shale, sandstone, and
residuum derived from limestone also yield water. Springs are numerous;
mostly variable in flow but many have large yield. In Cumberland Plateau,
ground water occurs in sandstones of small to moderate productivity; limestone in Sequatchie Valley yields larger supplies; springs of moderate yield
are important source. In Highland Rim, limestone yields small to moderate
supplies but water of poor quality present at shallow depth in parts of area;
springs are common and are an important source of water. In Nashville
Basin, limestone yields generally small supplies to wells less than 300 feet
deep; limestone and dolomite at depths of as much as 1,500 feet are tapped
where shallow wells are unsuccessful. Residuum is thin, springs are small,
and base flow of streams is low. In Coastal Plain, sands of Cretaceous and
Tertiary age yield moderate to large supplies, as does alluvium of Quaternary
age in Mississippi bottoms.
Water use increasing rapidly: totals approximately doubled from 1950 to
1960 but most of increase in ground-water use has occurred since 1955. Total
in 1960 about 5.600 to 5,700 mgd, 190 mgd surface water and 150 mgd ground
water for public supply, 21 and 37 mgd for rural supply, 4,800 and 420 mgd
for industry of which 3.900 mgd surface water used for public-utility fuelelectric power, and 9.7 and 1.8 mgd for irrigation. Use of saline water
negligible. Hydropower use about 150 bgd, fourth largest among States;
generated largely at dams of Tennessee Valley Authority.
Chief problems include summertime shortages of water, especially in Cumberland Plateau. Nashville Basin, and parts of Highland Rim where ground
water also is not. abundant. Main stem of Tennessee River well controlled
by reservoirs of Tennessee Valley Authority, and Cumberland River approaching
similar degree of control: but additional storage needed on small streams for
flood control and low-flow stabilization for water supply and pollution control.
Erosion and sedimentation are a major problem. Present water supplies most
satisfactory in Coastal Plain and valley of east Tennessee. State and certain
municipalities cooperate in hydrologic investigations of U.S. Geological Survey.
General prospects good.
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Tennessee's water supply is large in total but is deficient in substantial areas at times. The State begins on the east in the Blue
Ridge and crosses valleys and plateaus to end in the upper Mississippi Embayment of the Gulf Coastal Plain on the west. The
northeastward-trending Blue Ridge, which includes a part of the
Great Smoky Mountains, is a narrow strip, 2 or 3 to 20 miles wide,
of crystalline rocks along the North Carolina line. Next to the west
is the northeastward-trending Valley and Ridge province, including
the Great Valley, or, as it is commonly known in the State, the
valley of east Tennessee; it is a ridge-studded lowland 30 to 50 miles
wide underlain predominantly by carbonate rocks. Next is the
Appalachian Plateaus province, known locally as the Cumberland
Plateau, also trending northeastward; in Tennessee it is only 25
to 50 miles wide as compared to more than 200 miles in the OhioPennsylvania-West Virginia area. It is formed mainly by sandstone
and shale; in the south half it is trenched by the deep, narrow
Sequatchie Valley, in which the sandstone and shale have been
eroded away and the underlying carbonate rocks are exposed. Next
is the Interior Low Plateaus province, known in Tennessee as the
Highland Rim and in Kentucky as the Mississippian Plateau. This
broad limestone pleateau, widening in Tennessee from about 100
miles on the south to 175 on the north, extends westward to the
approximately northward trending east edge of the Coastal Plain.
Within it, a little northeast of the center, is the 50- by 80-mile northeastward-trending oval depression known as the Nashville Basin, in
which limestones older than those of the Highland Rim are exposed.
Finally, on the west, is the Coastal Plain, broadening from 70 miles
on the north to 120 on the south and including at its west edge a
strip of the Mississippi River valley 0 to 10 miles or so wide; it is
underlain by westward-dipping Cretaceous and Tertiary sand and
clay which, in the Mississippi valley, are mantled by Quaternary
alluvium.
In Tennessee, the Valley and Ridge and Blue Ridge provinces are
known collectively as "east Tennessee," the Coastal Plain as "west
Tennessee," and the plateaus in between as "middle Tennessee."
The climate is prevailingly humid. The precipitation is least,
about 38 inches, in the northeasternmost part of the valley of East
Tennessee. It rises to as much as 80 inches in the Great Smokies
in the southeast corner of the State (Tennessee Dept. Conservation
and Commerce, 1961, p. 13). It is 50 inches or more in virtually all
the rest of the State, and it averages perhaps 50 to 51 inches in the
State. It is fairly well distributed during the year but is least in the
late summer and fall, when water needs are greatest. It fluctuates
markedly from year to year; for example, at Jackson it was about
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71 inches in 1957 and only 35 in 1958. It-was generally deficient
throughout the State in 1952-56, 1958, and 1960.
The runoff reflects the amount of precipitation. It is least, about
18 inches, in the northeastern part of the valley of East Tennessee
and in a sizable area in the northwestern part of the State, and it
rises to 30 inches or more in the highest part of the Great Smokies.
West of a line trending northeastward roughly across the middle
of the State the average runoff is less than 20 inches, but not much
less. East of the line it is generally above 20 inches. It averages
about 20 inches, for a total of about 40 bgd from the State's 42,244
square miles.
In addition to its own large* runoff, Tennessee receives a large
amount of water from outside. Tributaries of the upper Tennessee
River in recent decades have brought in an average of 10 to 11 bgd
from Virginia, North Carolina, and Georgia (U.S. Geol. Survey,
1960b, p. 78-79). The Tennessee at Chattanooga, not far above
where it discharges into Alabama, in 1874-1957 flowed about 24 bgd.
Augmented by runoff from Tennessee, especially in the Elk River,
and from Alabama and Mississippi, the Tennessee River reenters
Tennessee at the junction of the Tennessee-Mississippi-Alabama borders and in 1930-57 brought in some SS 1/^ bgd as measured at
Savannah. The Cumberland River in 1922-57 brought in about 7.3
bgd as measured at Celina, and the Red River, a tributary, in 1920-57
brought in about 630 mgd as measured at Adams. The lower Tennessee and Cumberland add to their flows in Tennessee and discharge
into Kentucky. At Paducah, Ky., the Tennessee in 1889-1957 flowed
about 41 bgd, and most of the increase between Savannah, Tenn.,
and Paducah, Ky., was added in Tennessee. The Cumberland discharged about 16 bgd into Kentucky, as measured in 1937-57 at
Dover, and again most of the increase represents runoff from within
Tennessee.
The Mississippi River brings in the largest supply from outside,
though the least accessible so far as the bulk of Tennessee's area
is concerned. The flow is not measured below the junction with the
Ohio until the river reaches Memphis, where in 1933-57 it was about
295 bgd. Though the flow is certainly some tens of billions of gallons
per day less at the northwest corner of Tennessee than it is at
Memphis, it is so large that the accessibility and quality of the
water are more significant than the quantity so far as the State of
Tennessee is concerned.
Water use is substantial and is growing far more rapidly than the
population; it approximately doubled from 1950 to 1960. The 1960
population was approximately S 1/^ million, about average for the 50
States. The 1960 figure represents a gain of 8.4 percent over 1960,
as compared to a gain of 18.5 percent for the Nation as a whole.
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The relatively rapid increase in water use was due in part to the
droughts of the 1950's and 1960 and in part to growth of the
economy, stemming in substantial part from the navigation, power,
and water-supply facilities provided by development of the Tennessee River basin.
As usual, the available figures on water use are based on scanty
data and are somewhat conflicting. Figures presented by MacKichan
and Kammerer (1961b) show a total withdrawal use in 1960 between
5,600 and 5,700 mgd, including 190 mgd of surface water and 150
mgd of ground water for public supply, 21 and 37 mgd for rural supply, 4,800 and 420 mgd for industry of which 3,900 mgd of surface
water was used for public-utility fuel-electric power, and 9.7 and
1.8 mgd for irrigation.- The figures for rural and irrigation use
are based on conservative assumptions, and the actual uses for these
purposes were substantially higher than those shown, although they
would not change the overall total appreciably. At any rate, the
available data for both ground-water use and overall use indicate
1960 totals at least double those of 1950. There is no doubt that
there has been a substantial increase in rural use resulting from
economic advances and from electrification of rural homes which
have made feasible the installation of electric well pumps and waterusing appliances. Irrigation use decreased after the droughts of
the middle 1950's ended, but in 1960 it was still probably greater
than indicated by the figures given above.
GROUND -WATER STUDIES

Good basic, though in part somewhat outdated, information on
ground-water occurrence in a large part of the State is available in
published reports, including those prepared in recent years in cooperation with the Division of Geology and Division of Water Resources
of the Tennessee Department of Conservation and Commerce, but
there is a great need for more detailed information, as pointed out
by the State (State Officials, 1960, p. 333-334). Reports of the basic
areal or reconnaissance type cover all the State except the eastern
Highland Rim. They incorporate a part of the results of extensive
geologic studies made in Tennessee beginning in the 1830's, principally by the State Division of Geology and its predecessor the
State Geological Survey, and listed (through 1950) in a 308-page
bibliography by Wilson (1953).
An old report by Glenn (1906) covers the parts of Tennessee and
Kentucky west of the Tennessee River in essence, the Coastal Plain
as well as the small area of the Coastal Plain in Illinois. A 1932
report by Wells describes the ground-water supply of Memphis, and
a 1933 report by the same author covers the whole Coastal Plain.
A more recent report by Strausberg and Schreurs (1958) presents
information on ground water in the alluvium of the Mississippi
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valley, not discussed in detail in the earlier reports on western
Tennessee. Reports by Piper (1932a) and Theis (1936) describe
ground water in north-central and south-central Tennessee, together
covering the area from the east edge of the Coastal Plam to roughly
the longitude of the east edge of the Nashville Basin though omitting
the northeasternmost part of the Basin. A report by Newcome
(1958) presents more recent information on the entire Basin.
DeBuchananne and Richardson (1956) describe the ground-water
resources of east Tennessee the valley of east Tennessee and the
Blue Ridge. Newcome and Smith (1958) describe ground water in
the Cumberland Plateau.
The entire Highland Rim is now being studied, including the
eastern section not covered in the reports by Theis and Piper. A
basic-data report is being prepared for publication, and the interpretive studies are in progress. Products of these studies and related
studies in the Nashville Basin include a paper on the stratigraphy
and structure of Mississippian rocks in the northwestern Highland
Rim (Marcher, 1962a) ; a report on the Dickson, Lawrenceburg, and
Waverly areas in the western Highland Rim (Marcher and others,
publication pending) ; and three maps (Newcome, 1954, 1955; Smith,
1959) and a report (Newcome and Smith, 1962) relating to the
Murfreesboro Limestone and Knox Dolomite, important deep aquifers tapped in middle Tennessee in localities where shallower water
is scarce.
There are a few reports on smaller areas. The principal one is
the Memphis area. (See beyond.) Others include the Waynesboro
quadrangle in the southwestern Highland Rim in Wayne and adjacent counties, Tennessee, and Lauderdale County, Ala. (Miser, 1921);
the Dover area in Stewart County in the northwestern Highland Rim
(Marcher, 1962b); the Dyersburg quadrangle in the northwestern
Coastal Plain (Schreurs and Marcher, 1959); and the Cleveland
area (Swingle, 1959) and Elizabethton-Johnson City area (Maclay,
1962) near the southwest and northeast ends of the Valley and Ridge
province in Tennessee.
Studies in the Memphis area in cooperation with the city were
begun in 1940 and have continued to date, now coordinated with
the studies being made in cooperation with the State Division of
Geology and, since its formation in 1957, the State Division of
Water Resources. Klaer and Kazmann (1943a) and Kazmann
(1944) prepared progress reports on the Memphis study. Schneider
and Gushing (1948) describe the "1,400-foot" sand, an increasingly
important aquifer in the area. Criner and Armstrong (1958) present
more recent information.
The principal aquifers at Memphis are the "500-foot" and "1,400foot" sands, so named from their typical depths at that city. Because
671316»
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of the importance of determining the areal hydrology of these
aquifers in relation to the water supply at Memphis, considerable
effort has been made to trace them in the subsurface. Electricalresistivity studies made at Memphis and at Bolivar, in Hardeman
County 60 miles to the east, to obtain a part of the stratigraphic
information needed are described by Spicer (1947). Schneider and
Blankenship (1950) prepared a geologic cross section from near
Jackson in Madison County, northeast of Bolivar, to Memphis, on
the basis of electric and lithologic logs of test holes and wells.
Armstrong (1955) prepared a memorandum on the post-Paleocene
stratigraphy of the Memphis area, and Stearns and Armstrong
(1955) prepared a report on the same subject covering a larger
area.
Because of the amount of information already available, the
Memphis area, as well as western Tennessee in general, has assumed
critical importance in the U.S. Geological Survey's study of the
regional hydrology of the upper Mississippi Embayment. The study
is described in progress reports by Gushing (1959) and Gushing and
others (1960). Background on the need for the study had been
presented by Schneider (1947), among others. Stearns and Marcher
(1962) discuss the structural development of the Embayment.
Marcher and Stearns (1962) describe the Tuscaloosa Formation, the
basal Coastal Plain formation and one whose origin and history are
of special importance in defining the hydrology of the Embayment.
The general geology of the Embayment is described in a recent
report by Gushing and others (publication pending).
Lanphere (1955) presents data on the geologic source and chemical
quality of public ground-water supplies in the Coastal Plain. Gushing
and Richardson (1957) and McLemore (1958?) summarize the practice of irrigation in Tennessee. Most of the irrigation with ground
water is done in the Coastal Plain, and in the last decade that in the
Mississippi alluvial valley has increased especially rapidly
(Strausberg and Schreurs, 1958).
Water problems in zinc mines are of some significance in east
Tennessee. Kent (1950) describes techniques used in tracing
ground-water flow to determine the source of water entering mines,
and Richardson (1954) describes a particular problem at Jefferson
City.
Disposal of radioactive wastes at the Oak Ridge National Laboratory has involved the solution of difficult hydrologic problems.
Contributions to a report of the Atomic Energy Commission on the
subject have been made by deLaguna (1962).
Industrial surface- and ground-water supplies of the Tennessee
Valley region are described by the Tennessee Valley Authority
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(1948). The Authority (1951) has also discussed the hydrologic
effect, in the White Hollow watershed pilot area about 13 miles
northeast of Norris Dam, of forest-cover improvement undertaken
as a part of its comprehensive program for development of the
Tennessee Valley. Its report, covering data for 1934-^9, concludes
that the improvement in vegetal cover did not substantially reduce
the total water yield of the basin, though it reduced flood peaks and
increased low flows. A followup report covering the period through
1958 showed no substantial change in these conclusions. Doubtless
owing to differences in local conditions, the conclusions are somewhat at variance with those reached about the Shackham Brook
watershed in New York (Schneider and Ayer, 1961), where
reforestation beginning in 1934 resulted in a progressive decrease in
runoff amounting to about 23 percent by 1957. (See p. 620-621.)
Current studies include those related to the geohydrology of the
upper Mississippi Embayment, the study of the Highland Rim
mentioned previously, and continuing studies in the Memphis area
and at the Oak Ridge National Laboratory. The studies include also
nn observation-well program and a general program of collecting
geologic, hydrologic, and geophysical information as it becomes
available. A study is being made of the large springs of east Tennessee, in order to provide a basis for more extensive utilization of
these important water sources (Sun and others, publication pending).
A detailed areal study is being made in Madison County in the
Coastal Plain. The current studies recognize three principal goals
completion of areal reconnaissance studies for the whole State,
detailed studies in areas of existing or imminent water problems or
of special promise for future development, and a continuing inventory of hydrologic data needed as a basis for planning.
The current studies include a substantial program of geologic
mapping to provide essential geologic background for the groundwater investigations. Maps of several quadrangles had been
completed as of early 1962.
GROUND-WATER RESOURCES

Ground water is an important resource in Tennessee, even though
it accounted for a minor proportion of the total withdrawal use of
water in 1960. It is a principal source of rural and irrigation water
supply and an important source of municipal and industrial water.
It is capable of much greater development, not only in areas of
naturally more abundant supplies but also in areas of relatively scarce
supplies where more intensive studies almost inevitably will show
the way to development of much more ground water than is now
used.
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BLUE RIDGE

The Blue Ridge is a mountainous area underlain by crystalline
igneous and metamorphic rocks of Precambrian to Early Cambrian
age granite, schist, gneiss, and partly metamorphosed shale, sandstone, and conglomerate. The highest part, in the Great Smoky
Mountains National Park a little south of the middle of the Tennessee-North Carolina line, contains the highest peaks in those
States and in the East. The runoff on the Tennessee side is not quite
as high as it 1 is on the North Carolina side, however, presumably
indicating that the southeastern slope has an advantage over the
northwestern in trapping moisture from Gulf and Atlantic air
masses. Nevertheless, the Blue Ridge in Tennessee is well watered.
Ground water occurs in fractures, which include joints, faults, and
openings along cleavage planes and some of which are solutionally
enlarged. Most of the openings are at depths of 200 feet or less.
Yields of wells seldom exceed a few gallons per minute, but such
yields are adequate for domestic use. Springs issuing from the fractured rocks are numerous, and though few yield more than 100
gpm their flow tends to be well sustained and they are an important
source of domestic water. Spring flow, and ground-water seepage too
diffuse to be considered spring flow, maintain rather substantial base
flow in the streams, which are the principal sources of municipal
and industrial water.
Thin but coarse alluvium along some of the streams yields e/iough
water for domestic and locally for small-scale municipal use.
The ground water is generally of good quality, except that locally
it is hard enough to make softening desirable.
The area is lightly populated, and water demands are modest and
not likely to increase greatly for some time to come. The principal
potential danger is contamination of ground water by induced infiltration from polluted streams, but unless population, industry, and
development of ground water increase greatly this danger is not
immediate.
Little information on ground water is available. Some data on
wells and springs in the foothills are contained in the report on east
Tennessee by DeBuchananne and Richardson (1956). There is need
for an inventory of existing water-supply installations and for
information on stream and spring flow, occurrence of water in the
crystalline rocks in relation to rock type and topography, and
occurrence of water-bearing alluvium. Such information would help
to promote and stabilize the productive use of water as the population of the area increases.
VALLEY OF EAST TENNESSEE

The valley of east Tennessee (DeBuchananne and Richardson,
1956) is underlain predominantly by limestone and dolomite, alter-
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nating with some shale. The ridges, which trend northeastward
parallel to the "grain" of Appalachian structure, are formed by
resistant sandy shale, sandstone, and cherty limestone and dolomite.
The valleys are underlain by soft shale or by pure, relatively soluble
limestone and dolomite.
Ground water occurs in limestone and dolomite in solutionally
enlarged crevices, some of substantial size. Most sizable openings
are less than 350 feet below the surface but some have been penetrated at depths as great as 1,000 feet. About three-fourths of the
existing wells are less than 50 feet deep. Water-bearing openings
tend to be most numerous near streams, the natural outlets for the
water and thus the places where ground-water flow is most concentrated. Dolomite of the Knox Group of Cambrian and Ordovician
age is the most important aquifer; limestones in the Conasauga
Group of Cambrian age and the Chickamauga Limestone of Ordovician age also are important. Many industrial wells have been
drilled into these carbonate rocks; some yield more than 200 gpm
and a few yield much more for example, as much as 2,500 gpm
from limestone of the Conasauga Group at Elizabethton (Maclay,
1962).
Shale and sandstone vary in their water-bearing properties, but
in general the yield of wells is small to moderate. Hard, fractured
calcareous shales are among the most reliable aquifers and are penetrated by many wells, half of which are less than 50 feet deep.
Locally near streams, shales in the Conasauga Group and in the
Chickamauga Limestone yield large supplies.
Sandstone is less important than shale as an aquifer because there
is less of it and the fractures in it are less susceptible to solutional
enlargement than those in calcareous shale.
Residuum derived from weathered limestone and dolomite is commonly as much as 100 feet thick and is a significant source of water
for domestic use. Residuum on shale and sandstone is thin and
relatively unimportant.
Springs are numerous (Sun and others, publication pending).
Most of the large ones issue from dolomite of the Knox Group or
from the Chickamauga Limestone. Of 84 large springs for which
good data are available, 62 have average yields between 450 and
4.500 gpm and 4 average more than 4,500 gpm. All but 15 of the
84 are classed as variable and have low flows much less than their
average flow. Nevertheless, the base flow of streams is rather well
sustained as a result of ground-water discharge through springs
and seeps.
The ground water is of generally good quality except that, as
might be expected, it is hard up to 300 ppm as CaCO3- Water from
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shale generally has a higher dissolved-solids content than that from
carbonate rocks, and the iron content locally is high.
Numerous industries and municipalities use water from wells and
springs, but the ground-water resources of the area are capable of
much additional development. Many of the large springs are unused
or used to only a small extent; no doubt hundreds of large-capacity
wells could be installed without undue interference with existing
wells. At the present level of development, no substantial decline
in ground-water levels has been noted except temporary declines due
to drought. Detailed studies similar to those in the ElizabethtonJohnson City and Cleveland areas (Maclay, 1962; Swingle, 1959)
are needed throughout the area to show the most favorable localities
for development.
CUMBERLAND PLATEAU

The Cumberland Plateau (Newcome and Smith, 1958) lies about
2,000 feet above sea level and has a gently undulating surface cut by
deep, narrow, steep-walled valleys. The most prominent valley is the
Sequatchie, a long, narrow (3 to 4 miles wide), deep, remarkably
straight valley in the southern half of the Plateau in Tennessee,
cut in folded and faulted rocks parallel to the northeastward trend
of the structure. The valley drains southwestward in the Sequatchie
River and continues into Alabama.
The Plateau is built mainly of sandstone and shale of Pennsylvanian age. Rocks of Ordovician, Silurian, and Mississippian age
are exposed around its base and in the Sequatchie Valley.
Ground water occurs in sandstone, mainly in fractures because
the intergranular porosity is low. In the Sequatchie Valley the
important aquifers are the Warsaw and St. Louis Limestones of
Mississippian age, dolomite of the Knox Group, and the Chickamauga Limestone.
Yields adequate for domestic use are generally obtained from
the sandstone at depths of less than 100 feet. Large yields require
deeper drilling. Wells as deep as 400 to 600 feet generally yield
water satisfactory in quality for most uses. Yields are generally less
than 10 gpm but some wells yield up to 50 gpm, and a few even
more. For example, in the Jellico area in Campbell County, wells
300 to 400 feet deep yield as much as 375 gpm from Pennsylvanian
sandstone.
At Soddy in Hamilton County and LaFollette in Campbell County,
yields of 100 to 200 gpm have been obtained from pre-Pennsylvanian
limestone.
The pre-Pennsylvanian rocks beneath the Sequatchie Valley also
generally yield larger supplies than the Pennsylvanian sandstone,
yields of 50 gpm or more being fairly common.
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Springs are common in the deep valleys and on the escarpment
surrounding the Plateau. Most issue from beds of Pennsylvanian
sandstone above beds of shale. They furnish many domestic and
some municipal and industrial supplies. Few yield more than 50
gpm. In the Sequatchie Valley and at the base of the escarpment,
springs issuing from limestone yield as much as 100 to 900 gpm.
The water from the sandstone is commonly high in iron content,
which is as much as 11 ppm. Much of it has a low pH (is acidic)
and is corrosive. Hydrogen sulfide ("rotten egg" gas) is common.
In view of the generally low yield of wells and springs and of
the generally poor quality of the water, the ground-water potential
of the Plateau is not great. The prospects are best in the Sequatchie
Valley and around the edges of the Plateau where large supplies are
available from springs.
HIGHLAND RIM

The Highland Rim (Piper, 1932a; Theis, 1936) ranges from a
rolling solutional ("karst") plain in the northern and eastern parts,
which are underlain by the massive and soluble Warsaw and St.
Louis Limestones of Mississippian age, to an area of rugged hills and
steep-sided valleys in the western part, where the more resistant Fort
Payne Chert, of earlier Mississippian age, crops out. The waterbearing properties as well as the topography depend on the character of the rocks. Where the limestone is pure, water occurs in
solution cavities. In the Fort Payne Chert, water occurs in fractures
in the dense, brittle rock; locally, the Fort Payne contains beds of
massive limestone composed largely of fossils, and where not too
deeply buried these beds yield small supplies of water.
Throughout the Rim the rocks are blanketed by residuum ranging
in thickness from a few feet to about 300 feet. Permeable zones yield
water to many domestic wells and locally, as at Waverly in Humphreys County and Hohenwald in Lewis County, enough for municipal or industrial use.
The depth to water-bearing zones varies greatly, but most wells
are less than 200 feet deep. In some areas in the western part of the
Rim, wells cannot be drilled too deep because the Chattanooga Shale
of Devonian and Mississippian age is not far below the surface and
the water in it and in the rocks just above it is too highly mineralized
for ordinary uses. Where the depth to the Chattanooga is greater,
water of acceptable quality may extend to depths of 400 feet or more,
but most water-bearing openings are shallower.
In the Cookeville-Sparta-McMinnville area and elsewhere in the
northern and eastern parts of the Rim, the presence of hydrogen
sulfide, gas, or oil at shallow depths discourages deep drilling, so
that drillers commonly stop at the first water-bearing zone penetrated, even though fresh water may extend deeper. More informa-
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tion on the distribution of the good and the poor water would be
useful.
Yields of wells are generally small to moderate commonly 10
to 20 gpm. In most counties a few wells yield 50 gpm or more.
Residuum on the Fort Payne Chert may be rather permeable, and
locally wells in it yield as much as 300 gpm. In places where wells
cannot be drilled too deep because of problems of quality of water,
the yields of fresh water may be very small a fraction of a gallon
per minute yet the wells are used in the absence of something better,
being "pumped" by means of a hand-operated bailer.
Springs are common; they are widely used for domestic supplies
and are the principal source of ground water for municipal and
industrial supplies. Of 37 communities having public water supplies,
17 use springs and 2 use springs supplemented by wells. Most springs
yield less than 100 gpm, but in nearly all counties there are a
few yielding up to 500 gpm, and the maximum yield is about 4,000
gpm. Most have fairly well sustained flows because of the presence
of thick residuum, which stores a large amount of water that drains
out slowly.
The quality of water, except in some areas as noted previously,
is generally good except that iron is rather commonly a troublesome
constituent. Water from unweathered rocks is moderately hard to
hard, but that from residuum may be soft and of excellent overall
quality.
Hydrogen sulfide has been reported in a few wells in every county.
In most areas the sulfide-bearing water is associated with the Chattanooga Shale or shales in the Warsaw and St. Louis Limestones.
Because even small quantities of this gas are objectionable unless
the user goes to the trouble of aerating the water, there is need for
more detailed information on the distribution of sulfide-bearing
water.
In areas of well-developed sinkholes, as in the northern, eastern,
and southeastern parts of the Rim, bacterial pollution of the water
is rather common, and some wells have to be abandoned on this
account.
The potential for increased development is considerable, if
adequate studies are made to locate the areas of most permeable rocks
and best quality of water.
NASHVILLE BASIN

The Nashville Basin (Piper, 1932a; Theis, 1936; Newcome, 1958)
represents a lowland eroded to a depth of a few hundred feet in the
Highland Rim plateau. It has a gently rolling surface dotted locally
by hills and ridges 200 to 300 feet high representing remnants of the
rocks underlying the Rim. These hills and ridges are capped by
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the Fort Payne Chert of Early Mississippian age. Elsewhere, limestones of Ordovician age underlie the surface.
Nearly all the ground water occurs in solution cavities, the number
and size of which vary greatly from one formation and one place
to another, in accordance with the purity of the limestone and the
depth at which it lies. Most water-bearing openings are at shallow
depth; according to available records, three-fourths are at depths of
less than 100 feet and nine-tenths at depths of less than 300. The
situation is like that in the geologically and physiographically
similar Blue Grass region of Kentucky, where Hamilton (1950)
worked out physiographic and stratigraphic criteria for locating
wells.
An exception to the general rule is furnished by dolomite of the
Knox Group of Cambrian and Ordovician age, which lies 300 to
1,500 feet or more below the land surface (Newcome, 1954; Smith,
1959) and yet is water bearing. The Knox is extensively utilized
as an aquifer in areas both in the Basin and in the Highland Rim
where, for one reason or another, water of acceptable quality is not
available at shallower depth. In most areas the upper 100 feet of
the Knox will yield at least 1 to 10 gpm to a well. The limiting factor
is the quality of the water, which varies greatly. Hardness ranges
from 250 to 2,000 ppm and dissolved solids from 400 to nearly 8,000
ppm. In the Nashville Basin, wells in the center generally yield
better water from the Knox than those near the margins.
The Murfreesboro Limestone of Middle Ordovician age is another
formation that will yield water at depths greater than the customary
limit of 300 feet. It underlies the Basin at depths of 100 to 600
feet (Newcome, 1955) and locally is an important source of small
to moderately large yields. In Rutherford County, where the
Murfreesboro crops or lies at shallow depths, about three-fourths of
the wells drilled into it are successful. Where the formation
is deeply buried only about one well in five is successful. Yields of
successful wells range from a few gallons per minute in some areas
to 100 gpm or more at Murfreesboro in Rutherford County. The
water in the vicinity of Murfreesboro is of good quality, but
elsewhere it generally is highly mineralized.
Other formations in the Basin yield from a fraction of a gallon
per minute upwards, but few yield more than 20 gpm. About a fifth
of those drilled are unsuccessful. The water is all hard, and locally
it contains hydrogen sulfide, iron, or other constitutents that limit
its usefulness.
Little information on springs is available, but in general springs
are neither as numerous nor as productive as they are in the Highland Rim. Yields range from a few gallons per minute to 1,000 gpm
or more. The residuum over the bedrock is thin, and most springs
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probably have low minimum flows because of the absence of a thick
zone of saturation in residuum to support them. The base flow of
streams is low for the same reason, in contrast to that in the Highland
Rim. Locally in the Basin, as in the Elk River basin, streams may
contribute to ground water instead of receiving \vater from the
ground-water reservoir.
Except for domestic supply, neither wells nor springs are an
important source of water. Of the 12 largest communities only 1,
Smyrna in Rutherford County, uses wells for public supply; 3
others use a combination of springs and surface water, and the rest
use surface water entirely.
The Basin happears to have only a small potential for future
ground-water development, but very likely detailed studies would
reveal areas where substantial supplies could be obtained from wells
and thus would extend the potentialities of the Basin beyond those
suggested by available information.
COASTAL PLAIN

The Coastal Plain (Wells, 1933; Strausberg and Schreurs, 1958)
is the most important ground-water area in Tennessee. Locally
elsewhere, especially in the valley of east Tennesseee, very large
supplies are available, but nowhere else in the State are moderate to
large supplies available so generally.
The Plain slopes westward to the Mississippi River and is underlain by westward-dipping strata of gravel, sand, silt, and clay of
Cretaceous and early Tertiary age, occupying the structural trough
of the upper Mississippi Embayment (Stearns and Marcher, 1962).
In the western part of the Plain and locally in uplands in the eastern
part the early Tertiary and the Cretaceous strata are capped by
terrace deposits of gravel, sand, and clay of probable Pliocene age,
and in the western part these deposits in turn are capped by loess
of Pleistocene age which forms the bluffs along the Mississippi. In
the Mississippi River trench, the early Tertiary strata are overlain
by alluvium of Quaternary age, consisting largely of coarse-grained
glacial outwash of Pleistocene age grading upward into finer grained
alluvium of Recent age. The valley floor in Tennessee ranges in
width from 0 at places in the southern part, as at Memphis where
the river swings against the foot of the bluff, to a maximum of 10
miles or a little more in the middle and northern parts (Wells, 1933,
pl.l).
The sand and gravel strata constitute a series of extensive and
productive aquifers. The Tuscaloosa Formation, which is an important aquifer in northern Mississippi and other Southern States, is
present in the subsurface at the base of the Coastal Plain deposits
only in southwestern Hardin County. Little is known of its aquifer
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characteristics in Tennessee. The oldest important aquifer is the
Coffee Sand of Late Cretaceous age. Above the Coffee Sand the
important aquifers are the McNairy Sand Member of the Ripley
Formation, also of Late Cretaceous age; the "1,400-foot" sand of
the Wilcox Group of Eocene age; the "500-foot" sand and overlying
sands of the Claiborne Group, also of Eocene age; and the alluvium
of Quaternary age.
The Coffee Sand is the principal source of ground water in and
just west of its outcrop in a belt broadening from about 5 miles in
northeastern Henry County just south of the Kentucky line to 30
miles in all but westernmost McNairy County and the western third
of Hardin County at the Mississippi line. The formation dips westward to about 2,500 feet below sea level at the Mississippi River.
It yields as much as 750 gpm to wells. It could yield large supplies
of good water considerably west of its outcrop but is rarely tapped
much to the west because of the presence of shallower aquifers above.
The McNairy Sand Member also is a highly productive aquifer,
averaging 350 feet in thickness and yielding as much as 1,250 gpm
to wells. It is the principal source of ground water in a belt west
of that in which the Coffee Sand is utilized, broadening from about
12 or 13 miles in northeastern Henry County at the Kentucky line
to 25 miles in westernmost McNairy County and in Hardeman
County at the Mississippi line. It dips westward beneath Eocene
strata to a depth of about 1,850 feet below sea level at the Mississippi
River. It too could be tapped considerably west of the belt described
but generally is not because supplies are available at shallower
depths.
The thick sand at the base of the Wilcox Group, called the "1,400foot" sand from its typical depth at Memphis, is the principal aquifer
in a belt west of that in which the McNairy Sand Member is used,
narowing from about 20 miles in western Henry and eastern Weakley
Counties at the Kentucky line to 15 miles in eastern Fayette County
at the Mississippi line. It is an increasingly important though not
the principal aquifer in Memphis and vicinity, including some areas
across the river in Arkansas. More than 10 mgd is withdrawn from
it for municipal and industrial use in Memphis.
A few wells in the belt extend into the McNairy Sand Member
below or tap water in the late Tertiary terrace deposits above.
The "1,400-foot" sand is generally more than 200 feet thick and
yields 1,000 gpm or more to wells in many places. Except in the
belt described and in Memphis and vicinity it is tapped by few
wells, but it could be developed in the whole area west of its belt
of principal use.
The "500-foot" sand, so named from its typical depth at Memphis,
and younger sands of the Claiborne Group are the principal sources
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of ground water in all the upland area of the Coastal Plain west
of the belt in which the "1,400-foot" sand is the principal aquifer,
and for water for municipal and most industrial uses in the Mississippi valley as well. The area in which these sands are used is nearly
half the area of the Coastal Plain in Tennessee, and more water is
pumped from them than from any other aquifer in the Coastal Plain.
The "500-foot" sand averages more than 400 feet in thickness and
yields 2,000 gpm or tnore to some wells. It is the principal source
of water at Memphis, where about 135 mgd was pumped from wells
in 1960.
Sands in the Claiborne Group above the "500-foot" sand are
found in the northwestern part of "the Coastal Plain, and in the
uplands of that part of the Plain they are the source of most domestic, commercial, and small municipal and industrial supplies.
In the Mississippi valley these upper sands are missing and
municipal and most commercial and industrial supplies and many
domestic supplies are obtained from wells in the "500-foot" sand.
The largest quantities of ground water, however, are those withdrawn from the Quaternary alluvium and used for irrigation. The
alluvium yields as much as 1,500 gpm to wells less than 150 feet
deep, and larger yields doubtless could be obtained locally. Adequate
supplies for domestic use are obtained from driven ("sand point")
wells less than 40 feet deep.
Water from the Cretaceous and Tertiary aquifers is of generally
good quality, being best in the outcrop areas and progressively
poorer downdip and at greater depth. The principal objectionable
features are high iron content and low pH, the latter making the
water corrosive. Water from the Quaternary alluvium in the Mississippi valley is more highly mineralized than that in the Cretaceous
and Tertiary sands, and it is for this reason that water from the
"500-foot" sand is preferred for municipal and industrial supplies
in that area.
The Coastal *Plain is the only area in Tennessee where groundwater levels have declined significantly as a result of withdrawal. In
the rest of the State (and of course in and near the outcrop areas
of aquifers in the Coastal Plain also) ground-water levels have
declined during droughts and then recovered as wetter weather
returned, but in middle and eastern Tennessee there have been only
local declines as a result of pumping.
In the Coastal Plain, water levels declined in large areas in the
early 1950's as a result of increased pumping for irrigation and'of
. drought-induced deficiency in recharge. In many areas all-time lows
were reache'd in 1956 and the levels then recovered somewhat with
an increase in precipitation and a decrease in irrigation pumping.
In other areas, however, pumping has continued to increase and
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water levels have continued to decline. Among these are the Memphis area, where water levels have been declining for years because
the withdrawal has continued to increase. At one observation well
in the eastern part of Memphis, the water level declined about 10 feet
in 1950-60.
The declines, even those at Memphis where they have been greatest,
represent an adjustment to withdrawal and do not necessarily indicate
overpumping. Very large additional supplies can be pumped from all
the principal aquifers of Cretaceous and Tertiary age, as well as
from the Quaternary alluvium along the Mississippi. In general, water
levels will have to decline much lower than they have to date before
pumping lift or unwatering of aquifers will become a limiting factor
on further development. As water levels decline, drilling of deeper
wells to aquifers that are now utilized almost exclusively in and
near their outcrop areas to the east will be encouraged. Under conditions of maximum practical development, the total amount of water
that could be pumped from the Cretaceous and Tertiary aquifers in
the Coastal Plain would be several times the current rate of pumping,
though no firm estimate can be made at this time.
Similarly, very large additional supplies can be pumped from
alluvium in the Mississippi valley. The limit on development is set
by the extent to which recharge can be induced from the Mississippi
River and other streams. In places several miles from such sources
of recharge, pumping will reach a practical limit sooner than it will
in places nearer the streams. In the Mississippi alluvial plain in
Tennessee as a whole, however, no serious trouble spots have appeared
to date.
PROBLEMS, PROSPECTS, AND NEEDS

Tennessee's water problems to date are not critical in comparison
to those in States of less abundant overall water supplies. One of the
important factors in the current situation is the development program of the Tennessee Valley Authority, whose large reservoirs were
designed to control floods from upstream areas, stabilize water supplies in downstream areas, provide electric power, and enhance recreational resources.
Among the problems cited by the State in its brief but informative
report to the Senate Select Committee on National Water Resources
(State Officials, 1960, p. 333-334) are inadequacies in the supply of
surface water for water supply and waste dilution in the summer and
fall in the Nashville Basin, the Cumberland Plateau, and parts of the
Highland Rim; scanty ground-water supplies in areas which in large
part coincide with those named; erosion of upland soils and sedimentation of reservoirs; floods on streams not controlled by reservoirs; and lack of detailed hydrologic information on much of the
State.
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Recognizing the need to adopt a positive and constructive water
policy as a means of encouraging and stabilizing the economic
growth of the post-World War II period, the General Assembly in
1955 created a State Water Policy Commission and authorized a
study of Tennessee's water resources and water laws. The study was
assigned to the Public Administration Service, Chicago, 111., whose
report "Public Water Policy in Tennessee" was submitted in 1956.
In response to the recommendations made in the study, the Assembly
enacted the Water Resources Act of 1957, creating the Division of
Water Resources in the State Department of Conservation and Commerce and assigning it responsibility for basic water-resources planning and research. In general, the Division of Water Resources
is responsible for State functions related to water resources except
for those assigned to the Tennessee Stream Pollution Control Board
and the geologic investigations of the State Division of Geology.
Among the principal duties of the Division of Water Resources
are those of maintaining an inventory of water resources and
estimating future water requirements; proposing the establishment
of water-control districts where such appear to be necessary; recommending reservation of water for public purposes such as navigation,
pollution control, and recreation and fish and wildlife; and evaluating the.feasibility of proposed reservoirs.
The Public Administration Service in its report (p. 145) recommended that the State make a declaration of public ownership of
water, but this recommendation has not been carried out. A bill
was prepared in 1960 for consideration by the 1961 General
Assembly, providing for registration of well drillers and submittal
of well logs to the State, but the bill was not passed.
In 1935 Memphis enacted a city ordinance providing some control
of the drilling of deep wells in the city. The ordinance as modified
in 1940, in addition to establishing specifications for sanitary well
construction, provided that new wells could not be located near
enough to public-supply wells "to materially affect the static head
of water from the underground strata of any such well or proposed
well of the public supply" (Memphis Department of Health, 1940,
p. 7). This ordinance was followed by a State law enacted in 1949,
establishing the Memphis and Shelby County Board of Water
Control, with "powers to regulate, limit and prohibit the drilling of
wells in Memphis and Shelby County; to regulate the exploitation
and consumption of artesian water under the land in said City and
County" (McGuinness, 1951b, p. 28). This - represents the most,
concrete step taken to date to establish public control of groundwater development in Tennessee.
The action of the State in creating the Water Policy Commission
and the Division of Water Resources is evidence of the State's
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recognition of the essentials and of its determination to join other
progressive States in providing an adequate water base for its
future.
TEXAS
Large but unevenly distributed water supply; large water use and many
problems. Precipitation from about 8% inches in extreme west and 16 or 17
inches in western Panhandle to 56 inches in extreme east; averages perhaps
26 or 27 inches; fluctuates greatly from year to year. Runoff from less than
0.25 inch in western Panhandle and much of southwest Texas to about 15
inches in east; averages about 3.5 inches for total of 45 bgd; runoff in some
years nearly 6 times that in others. State bordered by Rio Grande on south,
Red River on northeast, and Sabine River on east. Receives little water from
outside, but Rio Grande and Pecos and Canadian Rivers bring in some water
from New Mexico.
More than half the State underlain by aquifers capable of moderate to
large yields; principal poorly productive areas are several belts of low
permeability or saline water in Coastal Plain, large area in center and north
center, and much of southwestern area.
Water use large; in 1960 Texas was second in total and third in fresh-water
use. Total fresh-water use about 13 bgd (15 million acre-feet), 600 mgd
surface water and 530 mgd ground water for public supply, 42 and 110 mgd
for rural supply, 2,400 and 800 mgd for industry including 2,000 and 470 mgd
for public-utility fuel-electric power, and 1,200 and 7,700 mgd (1.3 and 8.6
million acre-feet) for irrigation plus conveyance loss of 2,300 mgd (2.6 million
acre-feet). Saline-water use included about 1,300 mgd surface water for
public-utility fuel-electric power and 3.6 mgd surface water and 11 mgd
ground water for other industrial uses. Hydropower use about 17 bgd.
Problems similar to those in other Western States of large but variable
water supply: distribution from place to place and time to time; poor quality
in much of area where water is scarcest; occasional floods, including flash
floods from heavy rains in areas of overall water shortage; scarcity of good
reservoir sites; mining of ground water; pollution of both surface and ground
water; and lack of quantitative ground-water information. Good .basic
mechanism for cooperative planning and operation of future water projects,
and general prospects good.

Texas is the largest of the conterminous States and the second
largest of the 50. Its average runoff is the sixth largest among the
conterminous States, and in 1960 it was second only to California
in total water use and in ground-water use. It has all the problems
expected in a State where the bulk of the runoff occurs in a relatively small section and overall supplies are inadequate in a large
proportion of the total area. At the same time, it has encouraging
prospects for attacking its water problems successfully.
The State stretches 800 miles from its northwesternmost corner
to its southernmost tip and nearly as far from its westernmost tip
to its easternmost. It lies in four physiographic provinces the
Basin and Range, Great Plains, Central Lowland, and Coastal Plain.
Its 267,339 square miles is mostly of low relief, its mountains lying
mostly in the southwest and being of moderate height.

820

ROLE OF GROUND WATER IN NATIONAL WATER SITUATION

The State is underlain by Paleozoic sedimentary rocks which dip
rather gently except where they are disturbed in two areas, in the
Marathon region north of the Big Bend of the Eio Grande and in
the central Texas mineral region in Mason, Llano, and adjacent
counties. In these regions rocks as old as Precambrian crop out,
and in the western region volcanic rocks of Tertiary age cap older
rocks in broad areas.
The exposed Paleozoic rocks are mostly of Ordovician, Pennsylvanian, and Permian age. They crop out mostly in central and
north-central Texas and in the southwestern part of the State. In
the western part of the State they pass beneath Triassic rocks of
similar composition and attitude, or beneath Cretaceous or younger
rocks. Rocks of Jurassic age were deposited on the Triassic in
some areas but have been eroded away except in small areas.
After a period of erosion, rocks of Cretaceous age were deposited
in much if not all of Texas. The older ones now crop out in broad
areas passing from the Rio Grande through the heart of Texas to
the Red River. They underlie the large Edwards Plateau, which
extends from Austin westward nearly to Pecos, and the plains in
the eastern part of the Central Lo\vland generally north of Austin.
To the east and southeast they pass beneath the younger Cretaceous
and the Tertiary rocks of the Coastal Plain; to the northwest they
were partly eroded awray before the Ogallala Formation of the High
Plains was deposited in Pliocene time. The Ogallala formerly
was more extensive, especially to the east, but it has been eroded
away from a large part of its original area. It now underlies the
High Plains.
Sediments of Quaternary age include alluvial deposits fringing
the High Plains on the south and underlying the broad Pecos River
lowland to the southwest; isolated terrace deposits east of the High
plains; valley-fill, or "bolson," deposits along the Rio Grande and
iruintermontane basins in the southwest; alluvium along the lower
Rio Grande and other major streams; and Coastal Plain deposits
forming a belt as much as 80 miles wide along the Gulf Coast.
The precipitation has a large range. It is only about 8% inches
at El Paso, at the westernmost tip of the State. At the southwest
edge of the High Plains it is about 15 inches, and northward along
the Texas-New Mexico line it is about 16 or 17 inches. It is about 20
inches at the longitude of the east edge of the southern High Plains,
and it then increases rather regularly eastward to a maximum of
about 56 inches at the easternmost edge of the State, on the Sabine
River. < The statewide average has not been computed accurately, but
it is about 26 or 27 inches.
The runoff has an even wider range. It is less than 0.25 inch, and
in places virtually zero, in the western part of the High Plains, in
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the upper part of the Pecos River basin in Texas, and in a sizable
area east of El Paso. It is 0.25 to 0.5 inch in the eastern High Plains
and in the area northwest of the Big Bend, rising to about 0.5 inch
but not to as much as an inch in the mountains. Eastward it
increases to a maximum of about 15 inches at the easternmost edge
of the State. Along the Rio Grande it is about 0.5 inch at the Big
Bend and then rises eastward to something more than an inch in the
neighborhood of Del Rio. It then declines below an inch in the
lower part of the basin.
The runoff is 5 inches or more in the area generally east of the
longitude of Fort Worth and Dallas, and perhaps three-fourths to
four-fifths of the tot? 1 runoff within the State (which averages about
45 bgd, or 50 million acre-feet per year) occurs in that area. This
situation, similar in principle to the difference between northern
and southern California, gives an inkling of the basic water problem
of Texas that of uneven distribution of water. As in California,
much of the total area of productive aquifers lies in the drier part
of the State, and development of ground water under present conditions depends largely on storage.
Most of Texas lies in drainage areas confined within the borders
of the State. Three rivers form large segments of the State's
borders the Rio Grande on the Mexican border and a short section
of the New Mexican, the Red River in the eastern part of the Oklahoma border, and the Sabine River in the southern part of the
Louisiana border. By and large, in these bordering stretches Texas
contributes about as much to the flow of the rivers as do the areas
across the rivers, so that the State receives 'comparatively little
water from outside. The Rio Grande and the Pecos and Canadian
Rivers bring in some water from New Mexico. The Rio Grande in
1924 57 brought in something less than 450 mgd as measured at
El Paso,* the Pecos in 1937-56 about 180 mgd as measured at Red
Bluff, N. Mex., and the Canadian in 1938-56 about 190 mgd as
measured at Logan, N. Mex. (U.S. Geol. Survey, 1960b, p. 80-81).
Small as these amounts are in comparison to those flowing in Texas'
lapger streams, they are important because they enter the State in its
most water-short parts.
The'runoff is highly variable- from year to year. Of 35 key gaging
stations listed by the U.S. Geological Survey in a report on surface
water to the Senate Select Committee on National Water Resources
(idem, p. 80-431), 18 have recorded zeror'flows at one or more times
in recenLdecades, and 5 more have recorded minimum flows of less
than 1.5 cfs. At 11 of the 35s stations, the maximum flows recorded
during the same periods have exceeded 100,000 cfs. -Rio Grande at
Laredo in 1924 57 had a minimum flow of 0 (reflecting upstream
regulation as well as low runoff) and a maximum of 716,000 cfs.
671316 O 63 53

822

ROLE OF GROUND WATER IN NATIONAL WATER SITUATION

Runoff in the State as a whole has shown a range of nearly 6 to 1
in different years. According to the State's report to the Senate Select
Committee (State Officials, 1960, pis. 5, 6, p. 346), the total discharge
in the streams in or bordering Texas was about 19,600,000 acre-feet in
the water year 1954, a dry year, and 113,000,000 acre-feet in the
water year 1941.
Thus, not only is water distributed unevenly in the State during
the average year, but the amount available at a given place varies
greatly from one year to another. And, in some of the driest areas,
the runoff occurs largely in flash floods that cannot be feasibly captured under current economic conditions, so that what appears in the
records as a substantial amount of runoff does not necessarily indicate a readily available water supply.
Water use is large and growing rapidly. Texas' 1960 population
of 9,579,677 represented an increase of 24.2 percent over that of 1950,
and water use more than doubled during the decade. In 1960, according
to the figures compiled by MacKichan and Kammerer (1961b), Texas
was second only to California in total water use and third only to
California and Illinois in fresh-water use. The total use of fresh
water was about 13,000 mgd (15 million acre-feet), distributed as
follows: 600 mgd of surface water and 530 mgd of ground water
for public supply, 42 and 110 mgd for rural supply, 2,400 and 800
mgd for industry of which 2,000 mgd of surface water and 470
mgd of ground water was used for public-utility fuel-electric power,
and 1,200 and 7,700 mgd (1.3 and 8.6 million acre-feet) for irrigation
plus a conveyance loss of about 2,300 mgd (2.6 million acre-feet) of
water diverted for irrigation. Use of saline water was about 1,300
mgd, of which the bulk was surface water used for public-utility
fuel-electric power; about 3.6 mgd of saline surface water and 11
mgd of saline ground water was used for other industrial purposes.
Hydropower use was substantial, about 17 bgd, but was much smaller
than that in States where hydropower generation is large.
GROUND-WATER STUDIES

Although, in this large State of heavy water demands, much
remains to be done in hydrologic investigations and informational
needs keep increasing with rises in water use, the published literature
on ground water in Texas is truly impressive. Texas began a substantial program of water studies in the 1890's. It was one of the
earliest States to engage in a substantial program of ground-water
investigations in cooperation with the U.S. Geological Survey, and
for decades the cooperative program has been the largest among
the States..
Because the list of published reports runs into the hundreds and
because there are dozens of large and hundreds of small open-file
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reports as well, only a few are cited fully in the bibliography.
References to some 300 others are listed below in condensed form.
Page references are given for journal" articles and for most reports
. that form sections of larger reports; total pages are not given for
complete reports.
Principal reports on ground water in Texas
[Pub. No.: AAPG, Am. Assoe. Petroleum Geologists bull.; AGU, Am. Geophys. Union trans.; AWWA,
Am. Water Works Assoe. jour.; EG, Econ. Geology; ME, Mining Eng.; OF, U.S. Geol. Survey open-file
rept.; TB, Texas Board Water Engineers bull., TBu if unnumbered (prior to 1950); TWO, Texas Water
Comm. hull.; USA, U.S. Geol. Survey ann. rept.; USB, U.S. Geol. Survey bull.; USC, U.S. Geol. Survey
circ.; WSP, U.S. Geol. Survey water-supply paper]
Area or subject

Publication No.

Author(s)

Year
published
or released

O. E. Meinzer__ ___

1927

Penn Livingston and
W. A. Lynch.
W. F. Guyton and
N. A. Rose.
B. A. Barnes and
Penn Livingston.

1937

Statewide and general

Quantitative studies of artesian
aquifers.
Use of electric logs in estimating ground-water supplies.

WSP 557, p.
27-41.
WSP 796- A,
p. 1-20.
EG, v. 40, p.
193-226.
AGU, v. 28,
p. 903-911.

AGU, v. 32,
p. 45(K456.
AWWA, v.
Ground water in Texas.
47, p. 695702.
WSP 1000,
p. 346-420.
Saline-water resources of Texas, WSP 1365---

1945
1947

W. O. George and
W. W. Hastings.
R. W. Sundstrom ___

1951

E. W. Lohr and S.
K. Love.
A. G. Winslow and
L. R. Kister.

1954

R. T. Hffl__ --------

1901

C. H. Gordon_______
__--_do-----_-----W. N. White- __ _

1911
1913
1944
1947

1955

1956

Principal areas

Central, north-central,
northeastern Texas:

and

U9A;:21qt,
pt. 7.
WSF276----Wichita region __ _______ WSP-317----'OF_-._______
.TBu. ______

W. L. Broadhurst,
and B. C. Dwyer.
Do_--__-_-__-.___-- ,WSP 1069.--. -_--_do-_----._----Coastal Plain:
WSP 190-.--- T. U. Taylor --_water.
WSP335----.
Humid and'semiarid parts- AGU, 1935,
S. F. Turner and
pt. 2, p.
Penn Livingston.
.503-507.
OF-.....---. L. A. Wood __ _-___
water.

1949
1907
1914
1935
1956
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Principal reports on ground water in Te&as Continued
Publication No.

Area or subject

Author(s)

Year
published
or released

Principal areas Continued

East Texas:
WSP 849-A,
p. 1-58.
Pumping tests
Carrizo Sand.

of

W. N. White, A. N.
Sayre, and J. F.
Heuser.
W. F. Guyton ___ __

AGU, 1942,
pt. 2, p.
40-48.
TBu, 2 v-___- R. W. Sundstrom,
W. W. Hastings,
and W. L. Broadhurst.
Do. __---______--___ WSP 1047-___ _____do__-__--_----_
El Paso area See also Lower
Rio Grande valley:
Ground- water resources. __ WSP919----- A. N. Sayre and
Penn Livingston.
Prog. rept. 6 _ ___ .
TBu_________
TB 5603_____ R. E. Smith. _______
TWO 6204. __ E. R. Leggat __ . _ _
Hueco bolson
_____
WSP 1426____ D. B. Knowles and
R. A. Kennedy.
Lower Mesilla Valley _ _ _ _ TWO 6203. __ E. R. Leggat, M.
E. Lowry, and
J. W. Hood.
Do.____. ____..____ WSP .__._. _____do --___Gulf Coast region:
Reconnaissance of ground- TWC________ L.A. Wood, R. K.
water resources.
Gabrysch, and
Richard Marvin.
High Plains:
WSP 154_____ C. N. Gould___-____
Western part _ _________ WSP 191_____
do
Amount of recharge. _____ AGU, 1937,
C. V. Theis_____ pt. 2, p.
564-568.
Area, prog, rept _ _______ TBu------__- W. N. White, W. L.
Broadhurst, and
J. W. Lang.
Do___________________ TBu.________ _ _-do-________--_Do___._______________ TBu__---__-_
W. L. Broadhurst,
and W. N. White.
Do.__________________ TBu_________ ____-do________
.
Do_._________________ TBu-------_and W. H.
Alexander, Jr.
Prog. rept. 5_______ _
TBu__------and J. W. Lang.
Area__ _- ________ _____ WSP 889-F,
W. N. White, W. L.
p. 381-420.
Broadhurst, and
J. W. Lang.
Area southwest of Ama- TBu_-_--__-_ W. H. Alexander, Jr.,
rillo.
and J. H. Dante.
Prog. rept. 6_ _ ____ ____ TBu_-----__- W. L. Broadhurst- __
Prog. rept. 7, southern TBu_________ J. R. Barnes, W. C.
High Plains.
Ellis, E. R.
Leggat, R. A.
Scalapino, and
W. 0. George.
Publication, pending.

1941
1942
1945

1948
1945
1949
1956
1962
1958
1962

0)
1962

1906
1907
1937
1938
1940
1942
1943
1944
1945
1946
1946
1947
1949
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Principal reports on ground icater in Texas Continued
Publication No.

Area or subject

Principal areas

High Plains Continued
Irrigation, water-level
fluctuations, to 1951.
Summary of- development
in southern High Plains.
Development in southern
. High Plains, 1953.
Water-level declines in 6
- counties in southern
High Plains, 1953-54.
Water-level declines in 16
counties in southern
High Plains, 1954-55.
Water-level declines in 17
counties in southern
High Plains, 1955-56.
Water-level declines in 20
counties in southern
High Plains, 1956-57.
Water levels in northern
High Plains.
Availability of ground
water in southern High
Plains.
Water levels in southern
High Plains, 1958, 1959.
Water levels in northern
High Plains, 1958, 1959.
Water levels in southern'
High Plains, 1959, 1960.
Water levels in northern
High Plains, 1958-60.
Saturated thickness in
southern High Plains
prior to heavy pumping.
Summary, southern High
Plains.
Do
Northern High Plains,
prog. rept. 1.
Water levels in southern
High Plains through
1962.
Water levels in northern
High Plains, 1961 and
1962.
Houston-Galveston-Texas City
area:
Salt-water encroachment
in Galveston area.

Houston district __
1 Publication pending.

Year
published
or released

Author(s)

Continued

E. R. Leggat ...

TB 5104-_-._

1951
1954

TB 5402_____
_

TB 5410
OF__

-_

_do -

1954

U.S. Geological
Survey

1954

__do

OF.. -------TB 5607._ ___

1955

C. R. Follett--_____-

1956

TB 5705- ____ _

_do

1957

TB 5707- _- __

_do

1957
1959

J. G. Cronin__
TB5908____- -_-__ do--.-

------

F. A. Rayner.-. _

TB 5909.

1959
1959

TB 6011- _-_ Jack Stearman.- _ _

1960

TB 6012- _.__ ----.do-.-

1960

OF

-------

.

1960

.do

TB 6107-.. _.

__

- , 1961

_do
WSP 1693---TB 6109- _._. W. H. Alexander, Jr__

0)
1961

TWC 6207_ _ -

1962

TWC6213...

AGU, 1934, pt.
2, p. 432435.

Staff of Well Observation Program.
-

.do

---------

S. F. Turner and
Margaret D.
Foster.
W. N. White, Penn
Livingston, and
S. F. Turner.
OF__-_-___-- W. N. White and
Penn Livingston.

1962

1934
1932
1933
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Principal reports on ground icater in Texas Continued
Publication No.

Area or subject

Author(s)

Year
published
or released

Principal areas Continued

Houston-Galveston-Texas City
area Continued

TBu_--__--_- W. N. White,
S. F. Turner, and
Penn Livingston.
TBu--_______ W. N. White--.----Do
Do_. --..---.._-.__- TBu------_-- -___-do------_--__-TBu.--_,--_Engineers.
and adjacent areas.
TBu---______ W. N. White,
N. A. Rose, and
rept.
W. F. Guyton.
AGU, 1941,
pt. 3, p.
744-756.
AGU, 1941,
W. F. Guyton._ -__-pt. 3, p.
ing-test results.
756-770.
TBu_-___--_- W. N. White,
N. A. Rose, and
W. F. Guyton.
TBu-----_.-_ _____do--__ ~-~County and adjacent counties.
AAPG, v. 27, N. A. Rose. -------water.
p. 10811101.
W. N. White,
Houston district.
WSP 889-C,
N. A. Rose, and
p. 141-289.
W. F. Guyton.
TBu-._.----_ N. A. Rose and
W. H. Alexander,
rept.
Jr.
1946--____--__------ TBu_-__---__
R. W. Sundstrom.
Houston district. ___. . _ TB 5001. -___ J. W. Lang and
A. G. Winslow.
Houston Gulf Coast region TB 5101_---_ W. H. Goines,
A. G. Winslow,
and J. R. Barnes.
Houston district, pumpage TB 5201----- A. G. Winslow and
and water levels. 1950T. R. Fluellen.
51.
TB 5401. -_-_ W. W. Doyel, A. G.
levels, 1951, 1952.
Winslow, and
W. L. Naftel.
Houston-Galveston area,
A. G. Winslow and
EG, v. 49, p.
land-surface subsidence.
413-422.
W. W. Doyel.
Houston district and Bay- TB 5602 _--._ L. A. Wood-------town-LaPorte
area,
pumpage and water
levels, 1953-55.
Houston district, land- ME, v. 11, p. A. G. Winslow and
L. A. Wood.
surface subsidence.
1030-1034.
TB 5805. ____ _____do_-__----- - _
town-La Porte area,
pumpage and water
levels, 1955-57.
1957-61.. ___________ OF__-.__-___ R. B. Anders and
W. L. Naftel.

1937

rept.

1938
1939
1939
1940
1941
1941
1942
1942
1943
1944
1944

1946
1950
1951

1952
1954
1954
1956

1959
1958

1962
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Principal reports on ground water in Texas Continued
Publication No.

Area or subject

Author(s)

Year
published
or released

Principal areas Continued

Lower Rio Grande valley:
Geology, Eagle Pass to
mouth.
Ground water in El Paso
Valley.
Do
Pecos River valley:
Geology and ground water-

USB 837---. A. C. Trowbridge. _ _

1932

TB 6014----. R. C. Baker and O.
C. Dale.
WSP 1653 . ....-do ------------

1960

TBu, v. I.... U.S. Geological Survey.
Do. ---------------- TBu, v. 2, 3.. P. E. Dennis and
J. W. Lang.
San Antonio area:
18th, R. T. Hill and T. W.
Edwards Plateau, geology USA,
and ground water.
pt. 2-B, p.
Vaughan.
193-322.
Edwards Limestone, wa- WSP 773-B, Penn Livingston, A.
ter in.
p. 59-113.
N. Sayre, and W.
N. White.
Edwards Limestone, re- AGU,1942,pt. A. N. Sayre and R.
charge and discharge.
1, p. 19-27.
R. Bennett.
- Sergio Garza _ ----Edwards Limestone, re- TB 6201
charge and discharge,
1955-59.
Prog. rept__--_- _-_--__- TB 5412-...- J. W. Lang. -------Ground- water resources. __ TB 5608, 4 v- B. M. Petitt, Jr.,
and W. O. George.
South Texas:
Premont-LaGloria-FalOF_-----_ G. H. Cromack.
furrias district.
TBu_
W. L. Broadhurst,
R.W. Sundstrom,
and J. H. Rowley.
Do
WSP 1070 ___-do ---------Ground- water resources. __ OF_. -------- R. W. Sundstrom _ _
West Texas:
Public water supplies.
TBu_--_-_ W. L. Broadhurst,
R. W. Sundstrom,
and D. E. Weaver,
Do_
WSP 1106
do ---------Winter Garden district:
Winter Garden and adOF. ..------. O. E. Meinzer and
jacent districts, ground
W. N. White.
water.
Development of ground OF. . .-..---. E. A. Moulder. ----water.
Water-level measurements- TB 5617----. C. R. Follett _____ .
Winter Garden district, WSP 1481--. S. F. Turner, T. W.
Robinson, and W.
geology and ground
water.
N. White.

1941

C)
1941
1898
1936
1942
1962
1954
1956
1944
1946
1950
1948
1949
1951
1931
1957
1957
1960

Counties

Angelina:
Effect of increasing with- OF. --------drawal.
Atascosa:
Ground- water resources. _ _ WSP 1079-C, C. R. Follett ---p. 107-153.
1 Publication pending.

1946
1950

828

ROLE OF GROUND WATER IN NATIONAL WATER SITUATION
Principal reports on ground water in Texas Continued
Area or subject

Publication No.

Author(s)

Year
published
or released

Counties Continued

Atascosa and Frio:

WSP676_-.-_

1935

Bandera:
Ground- water geology

OF_. ________

Bastrop:
Camp Swift, pumping
tests.

OF____-_____ W. F. Guyton ___ ._

1942

TB 5413-.---

19^4

OF__-__.____

1935

Bee:
Bell:

C. Lee.

OF_________.
Do. ________________ OF__________ W. L. Broadhurst- __
OF__________
Camp Hood___ ___ _____ OF_. ________ W. F. Guyton and
W. O. George.
Bexar:
OF____..____ W. O. George ___ __
Kelly Field___-__________ OF
do
TBu-___---__
San Antonio and vicinity, OF__________ J. W. Lang__---____
water in Trinity Group.
TB 5911. ____
county.
Do_------------__-. WSP 1588--. _____do---------_-_
Borden:
TBu________. W. C. Ellis.. _______
Bowie:
OF__. _______ S. F. Turner. ___ __
OF__________
Leary.
De Kalb_-__-----__-_.__ OF_____.--_- W. L. Broadhurst- ._
Brazoria:
Freeport area.- _--__.__ _ OF__________ W. N. White and
R. W. Sundstrom.
Do__-_-----__----__ OF___. ______ R. W. Sundstrom __
OF__________
W. T. Stuart.
TBu.____-___ C. R. Follett. _ __
Brazos :
Bryan and College Station _ TBu_-__-__-_ S. F. Turner_---____
Bryan airport ___________ OF. _________
Penn Livingston.
TBu____.-_-- B. A. Barnes, C. R.
Follett, and R. W.
Sundstrom.
Brewster:
Persimmon Gap and Santa OF. ____.-.._ R. C. Baker__...___
Elena ranger stations.
Marathon area _ ________ TB 6111----. K. J. DeCook_______
Brewster, Jeff Davis, and Presidio:
Alpine area___ ------- _ - TB 5712.-,.. R. T. Littleton and
G. L. Audsley.
Brooks :
Public water supplies
OF__--_-..__
Brown:
Brownwood. ___.-_____._ OF.. __._.__. W. N. White- _ ..-.

1960

1941
1943
1942
1943
1943
1943
1947
1953
1959
1962
1949
1938
1941
1945
1941
1941
1943
1947
1938
1942
1944

1958
1961
1957
1940
1941
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Burleson:
Somerville--- - _-___--__ OF-_-------- R. W. Sundstrom
and E. W. Lohr.
Bur net:
Burnet and Bertram______ OF_______.__ W. O. George and
W. N. White.
Caldwell:
Geology and ground water_ TBu_-___--__ W. C. Rasmussen___
Calhoun:
Seadrift_______-_________ OF__________ W. O. George and
S. F. Turner.
Port O'Connor __________ OF___--_____ W. N. White ----Calhoun and Victoria:
Ground water in counties _ TB 6202_ ____ R. F. Marvin, O. C.
Dale, and G. H.
Shafer.
Callahan:
Baird__._ _ ____________ OF___--__-__ W. O. George.-.. ..
Cameron:
Ground water in county ___ TB 5403. _.__ O. C. Dale and W. 0.
George.
Carson and part of Gray:
Geology
and
ground TB 6102. ____ A. T. Long, Jr______
water, prog. rept. 1.
Cass and Morris:
Hughes
Springs,
and OF__________ R. W. Sundstrom. __Daingerfield (Morris
County).
Chambers:
Basic data and summary __ TB 5605. _-__ W. W. DoyeL-----Cherokee :
Rusk___ _
_________ _ OF_________- C. S. Clark and R.
W. Sundstrom.
Childress :
Childress. -___.____ OF__________ W. O. George------OF__________ W. O. George, B. A.
Barnes, and W. L.
Broadhurst.
Irrigation with ground TB 5706----. G. H. Shafer__-_-.__
water.
Coleman :
Coleman__ _ __________ OF__._______ J. W. Lang_____--_Comal:
Geology and ground water. TBu_---____- W. O. George. -----_
_do -_--AGU, v. 29,
p. 503-510.
Geology and ground water. WSP 1138____ ___._do--_--_ ______
Canyon Reservoir site.
OF______-_._ W. O. George and
F. A. Welder.
Canyon Reservoir test
wells__ _ __________ OF__--_-____ F. A. Welder and
W. O. George.
Gory ell:
Gates ville area _ ________ OF__________ R. W. Sundstrom
and B. A.
Barnes.
Gatesville, 5 miles south- OF_____-.___ Penn Livingston
east.
and W. W. Hastings.
North Camp Hood, Tank OF____._-_._ N. A. Rose- -------Destroyer Center.

1939
1942
1947
1938
1941
1962

1940
1954
1961
1941

1956
1940
1945
1946
1957
1944
1947
1948
1952
1955
1955
1942
1942
1943
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Cottle:
Paducah, prog. rept__ __
Crane:

OF__.___-__- J. H. Dante and
C. R. Follett.
OF_--_----_- J. H. Dante. _---_--

1945
1946

TB 5604_-___ G. H. Shafer_ _______ 1956
Culberson and Jeff Davis:
1951
Lobo Flats area... _.-___ TB 5102____- J. W. Hood and
R. A. Scalapino.
Dallas:
WO Gporffp
1941
Seagoville Federal Reform- OF
atory for Women.
_ do__ -_-- ___- 1942
Test drilling---__-__- OF-__-_----_
we!12__. ..___...-___ OF_____---_- _____do ------- 1944
Dawson:
OF_---___-__ W. H. Alexander, Jr_ 1946
Denton:
OF__-___-__- W. O. George--- _ _ 1944
Dimmit:
Geology and ground water_ TB 6003. ---_ C. C. Mason___-____ 1960
Donley:
1942
OF__________ W. O. George and
C. R. Follett.
Duval:
1937
Geology and ground water. WSP 776-___
Ector:
Odessa area- ___ ________ OF_________- J. W. Lang_________ 1944
TB 5210_-___ D. B. Knowles--__-- 1952
Edwards :
Ground- water geology. _ _ _ TWO 6208___ A. T. Long________- '1962
Do____-__.-________ WSP 1619-J._ ___do____- ___ __ 1962
Ellis:
1948
TBu-_-_-____ R. W. Sundstrom __
El Paso:
WSP 141_____ C. S. Slichter. ______ 1905
Grande valley.
1930
OF__________ S. S. Nye -------1 mile south.
1937
OF__________ A. N. Sayre and Penn
Livingston.
1938
EG, v. 33, p. A. N. Sayre __ _697-708.
1940
El Paso and vicinity, OF_.________ A. N. Sayre and Penn
public supply,
Livingston.
ground water for OF__________ A. N. Sayre __ -___ 1940
public supply,
1944
prog. rept_ _____ OF
J. M. Birdsall.
ground-water re- OF.-____-___ R. W. Sundstrom __ 1945
sources,
1952
artificial recharge. TB 5206. ____ R. W. Sundstrom
and J. W. Hood.
La Tuna, irrigation_______ OF______.___ R. W. Sundstrom __ 1952
1956
Hueco bolson __________ TB 5615. ____ D. B. Knowles and
R. A. Kennedy.
1957
Biggs Air Force Base... _ OF__-____.__ E. R. Leggat ____
Logan Heights area ___ _ OF
__do
- 1957
Erath, Hamilton, and Hood:
1942
Selected areas. ____ _____ OF_-_.___-__ N. A. Rose and
W. O. George.
fiTQIlO CQT.-'ll'.illc!
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Fayette:
Fisher and Scurry:
Foard:

OF____

-___ G. H. Cromack and
W. N. White.

OF___-______ J. W. Lang_-______.

1944

OF__

1941

_

__ W. O. George and

Do_________. _______ OF___~
Frio> See Atascosa County.
Galveston:
OF__. _______
OF____-----Galveston, salt-water en- OF_._
croachment.
OF______
1941-42.
OF
TB 5502. ____
in county.
Do_-_---_---_-----_ WSP 1416
TB 5808.---1952-57.
Glasscock and Howard:
WSP 913 Goliad:

Gray See Carson County.
Grayson:
Sherman
_____

1942

C. E. Johnson.
R. W. Sundstrom ____
R. W. Sundstrom

..--.do------------

1945
1941
1941
1941
1943

N. A. Rose.- _______
B. M. Petitt, Jr., and
A. G. Winslow.
----_do_------_----_
L. A. Wood -. _ _

1943
1955

Penn Livingston and
R. R. Bennett.

1944

TB 5711----- O. C. Dale, E. A.
Moulder, and Ted
Arnow.

1957

TBu_, _______
TB 6013--.-- E. T. Baker, Jr_..__

1945
1960

in county.
Do__________.______ WSP 1646

1957
1958

--_-_do_--------___-

1962

TBu_. _______ W. L. Broadhurst
and S. D. Breeding.
Ground-water resources. __ WSP 1079-B, W. L. Broadhurst- __
p. 63-105.
Gregg, Upshur, and Wood:
OF_____-____ W. L. Broadhurst
and C. R. Follett.
district.
Hale:
Plainview project. ___ _ OF....------ H. M, Wells and
H. P. Burleigh.
TB 6010.---- J. G. Cronin and
L. G. Wells.
ter in county.
Do_-_-__-__-_______ WSP 1539-U- -____do_-----_-----Hall:
OF__----_- J. W. Lang_
Hamilton See Erath County.
Hansford:
OF__
W. N. White... _____
Harris :
OF--.
- N. A. Rose, W. N.
White, and Penn
plain, test drilling.
Livingston.

1945

Gregg:
Water resources __

1950
1942
1936
1960
1962
1943
1936
1940
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Harris

Continued
ing tests, 1939.

OF. _________ C. E. Jacob _ -_

1940

OF__________ W. N. White -TBu--_----_- N. A. Rose, W. N.
White, and Penn
Livingston
TBu_-------- N. A. Rose and W.

1941
1943

T. Stuart - ----

exploratory drilling. _. WSP 889-D,
p. 291-315.
Water-level rise due to defective gas well.

1943

N. A. Rose, W. N.
White, and Penn
Livingston.
AAPG, v. 29, N. A. Rose and W.
p. 253-279.
H. Alexander, Jr.
TBu_--__---_ M. I. Rorabaugh _ _

1944

TB 5409_-_-_ A. G. Winslow and
W. W. Doyel.
WSP 1360-F, A. G. Winslow, W.
p. 375-407
W. Doyel, and L.
A. Wood.

1954

1945
1949

pumping test.
relations in county.
Do_
Hardin and Jasper:

OF_______.__ N. A. Rose. ___ _ _
Harrison :
. _
W. L. Broadhurst
WoodaU _.___. _ - _ OF
and W. N. White
TBu.____-___ W. L. Broadhurst
and S. D. Breeding.
Haskell and Jones:
Stamford area _ _
_
OF__________ W. L. Broadhurst
and C. R. Follett.
Haskell and Knox:
TWC_______F. L. Osborne, Jr.
Hays:
OF______.____ W. O. George and R.
R. Bennett.
Terrace gravel along San OF_. ________
Marcos River.
OF_. ___...__ C. R. Follett and W.
O. George.
K. J. DeCook_--_--Geology and ground water TB 6004_
in county.
Do
WSP 1612____ _____ do
Hidalgo:
OF______ _ _ W. N. White
OF__________ G. H. Cromack
Do__
OF. _________ W. O. George --.
TBu.__..____ C. R. Follett, W. N.
White, and Burdge
Irelan.
Hood See Erath County.
Howard See also Glasscock
County :
Big Spring, ground water _ OF_. ________ W. 0. George.- ----OF
__ . J. W. Lang___._____
water.
rrpol o0"v
WSP 913--__- Penn Livingston and
R. R. Bennett.

1957

1945
1942
1943
1944
1962
1942
1942
1945
1960
1962
1941
1945
1947
1949

1943
1945
1944
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. Hudspeth:
TB 5004_____
Hunt:
Commerce _ --

-

1950

--- OF_. ------._ W. L, Broadhurst. _
OF___------_ N. A. Rose___ _____
See also Hardin Coun-

1944
1945

OF_. -------- R. W. Sundstrom ____

1941

OF-__. ______
OF__.-_-_--_ R. W. Sundstrom__ _
OF_. __-_--_- W. N. White... _____

1941
1941
1945

OF_____
B. A. Barnes ___ __
OF__________ -__-_do---_-------OF__.__
__ C. C. Mason__ ____

1940
1940
1962

TB 5418--.-- A. G. Winslow,
W. W. Doyel, and
C. H. Gaum.

1954

Jasper
ty:
Jasper. __ ___
_____
JefF
Davis See
Brewster
County, Culberson County.
Jefferson:
Sabine Pass area. ____ _
Beaumont- __ _____
Beaumont, Nederland,
Port Neches, and Port
Arthur.
Jim Wells:
Premont. _ _ ___ _ ___ _
Alice--..---.--- _ _ _ _
Alice, Goliad Sand_
Jones See
also
Haskell
County:
Ground water in county _
Karnes :
Do_--_____

TB 6007----. R. B. Anders. ______
_____ WSP 1539-G. -_--_do----_-------

Kendall:
Boerne, Gibolo Creek reservoir site.
Kenmore Farms _ ___

1960
1962

OF.. -_---_-_ Penn Livingston_ _ _

1940

TB 5204___-_ W. O. George and
W. W. Doyel.

1952

Kinney:
Brackettville, Las Moras OF______-__- Penn Livingston __ _
Spring.
Geology and ground water OF___-_-____ R. R. Bennett and
A. N. Sayre.
in county.
Kleberg:
Penn Livingston and
Ground water in county___ WSP 773-D,
p. 197-232.
T. W. Bridges.
King Ranch, salty wells. _ OF____------ Penn Livingston and
W. L. Broadhurst.
Knox See also Haskell and
Knox Counties:
Benjamin. ________ ._
OF. -___----_ C. R. Follett and
J. H. Dante.
. Lamb:
TB 5704. ---_ E. R. Leggat _____
LaSalle:
Wells in Carrizo SandOF_ _________ R. W.. Sundstrom- ___
OF__________ W. O. George and
dale area.
W. L. Broadhurst.
LaSalle and McMullen:
-Ground water in counties __ WSP 375-G,
Alexaiider Deussen
p. 141-177.
and R. B. Dole.
Leon:
Normaneee. ____ _ _ _
OF__________ R. W. Sundstrom.. _ _

1942
1958
1936
1942

1945
1957
1942
1942
1916
1939
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Liberty:
Ground- water resources. _ _ TBu_________ W. H. Alexander,
Jr., and S. D.
Breeding.
W. H. Alexander, Jr_
Do_--___-.__-----__ WSP 1079A, p. 1-61.
Live Oak:
TB 6105-_.__ R. B. Anders and
E. T. Baker, Jr.
Lubbock:
Lubbock area, water wells _ OF__________ J. W. Lang_________
TBu_-_--__-_
sources.
Trigg Twichell.
Yellowhouse Draw, pro- OF
W. C. Ellis and
posed wells for Lubbock.
R. A. Scalapino.
Lubbock, and Amarillo OF
R. W. Sundstrom____
(Potter County).
Lynn:
TB 5207. _.__ E. R. Leggat ___ ___
Mason:
Mason____ ______ _____ OF__-__--___ W. O. George. ______
Matagorda:
TBu_____--__ R. W. Sundstrom,
G. H. Cromack,
and N. N. West.
McCulloch:
Melvin, and Menard (Me- OF _ ______ R. W. Sundstrom
nard County).
and W. O.
George.
Hickory Sandstone Mem- TB 6107. ____ C. C. Mason__ _ _
ber of Riley Formation.
McLennan :
McGregor __ _ _______
OF _ __ _ _
and R. R. Bennett.
OF --_-_ -_ W. O. George and
B. A. Barnes.
McMullen
See
LaSalle
County.
Medina:
Hondo area. _ ________ OF__-___--__
Geology and ground water TB 5601_____ C. L. R. Holt, Jr____
of county.
Do_------___-_-_-__ WSP 1422_ __ _____do_-__-___-___Medina and Uvalde:
WSP678.____ A. N. Sayre __ _ _
of counties.
Menard '
See
McCulloch
County.
Midland:
Midland, Army flying OF__-_-__-_. Penn Livingston and
J. W. Lang.
school.
OF__________ G. H. Cromack.
Mitchell:
O. C. Dale and W. L.
Ground- water irrigation _ OF__ -_
Broadhurst.
Montague:
TBu________. W. L. Broadhurst
and C. R. Follett.

1945
1950
1961
1944
1Q4^

1948
1949
1952
1947
1949

1942
1961
1942
1945

1942
1956
1959
1936

1943
1944
1953
1944
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Moore:
Sunray and Etter_ _ _ _
OF________-_ R. W. Sundstrom __
Sunray, Etter, and Dumas_ OF__-_---_-_ _____do_------_____Morris See Cass County.
Nacogdoches, Rusk, and Shelby Counties:
Sandflat area___- - ____ OF___-______ W. L. Broadhurst
and Trigg
Twichell.
Navarro:
Corsicana-Angus area _
OF___------- W. L. Broadhurst- _ _
Nolan:
Northwestern part _____ _ TBu-------_- D. B. Knowles----.Nueces :
Corpus Christi area _
OF____------ W. N. White ----_Naval Reserve air base. _ OF____-___-_ _____do -Bishop, 900-foot sand_
OF__ ________ R. W. Sundstrom- __
_Bishop, 700-foot sand _ _ OF___---__._ _____do _Nueces and San Patricio:
Ground water in counties __ OF____-_
. W. N. White. -----Palo Pinto:
USC 6 _
S. F. Turner.. _____
Parker:
TB 5103_--_- G. J. Stramel-----Pecos:
Fort Stockton area- -____ OF__-__.____ J. W. Lang___-____.
Do___________._____ OF__---_---_ G. L. Audsley _ _ _
TB 6106.---- C. A. Armstrong and
L. G. Me Million.
in county.
Potter and Randall:
S. S. Nye_-_---_
OF____--_
W. L. Broadhurst
Veterans Hospital. __ OF___--_
and W. N. White.
Amarillo area. _ _ _ -__-__ OF__-__-____ R. W. Sundstrom
and W. N. White.
Amarillo, and Lubbock
(Lubbock County)
See Lubbock County.
Artificial recharge at
TB 5701.---- E. A. Moulder and
D. R. Frazor.
McDonald well field,
Amarillo.
Presidio See also Brewster
County:
Marfa. --_----__ _______ OF_. -------- R. R. Bennett______
Army air base. _ _
OF.. __--W. O. George and
Penn Livingston.
Do......... __.._... OF__.______- J. W. Lang__ _______
Marf a area. ______ _____ TB 6110.---- M. E. Davis___ ___
Randall See Potter County.
Real:
TB 5803.---- A. T. Long____ _ -_
Reeves:
Balmorhea area _ _ _ _ _ _
W. N. White, H. S.
WSP 849-C,
Gale, and S. S.
p. 83-146.

in county, prelim, rept.
Geology and ground water
in county, final rept.

Nye.
OF__ ._____-_ J. W. Lang_---_--_TBu_----_-__ D. B. Knowles and
J. W. Lang.
TWC. __--_._ William Ogilbee and
J. B. Wesselman.

1942
1942

1942

1943
1947
1940
1942
1944
1944
1933
1934
1951
1942
1956
1961
1927
1939
1942

1957

1941
1943
1943
1961
1958
1941
1943
1947
1962

836

ROLE OF GROUND WATER IN NATIONAL WATER SITUATION
Principal reports on ground water in Texas Continued
Area or subject

Publication No.

Author(s)

Year
published
or released

Counties Continued

Reeves and Ward:
development, 1947-51.
Rusk
See Nacogdoches
County.
San Jacinto:
San Patricio
See Nueces
County.
San Saba:
San Saba
Scurry See also Fisher
County :

TB 5202. _.__ J. W. Hood and
D. B. Knowles.

1952

TBu_----___-

1947

OF

______ W. O. George.-. __

1944

D. B. Knowles- _____

1946

OF.. _____--. W. L. Broadhurst-.-

1944

WSP 660--.. A. G. Fiedler- ------

1934

TB 5209---.- O. C. Dale

1952

OF_--_--____ W. O. George and
N. A. Rose.
TBu_
___ _ __ do.
OF___--__-__ J. W. Lang___
___
TB 5709.---. E. R. Leggat

1941

W. N. White -----

1941

TBu_

Shelby See Nacogdoches
County .
Smith:
Tvlpr
Somervell:
Starr:
Tarrant :

Do...
in county.
Taylor:

OF. ___ ______
Terrell:

1942
1944
1957

1940

OF
and R. R. Bennett.
Tom Green:
airfield.
Travis:
Austin

OF__
__ W. N. White_______OF______ ___ _ W. O. George and
W. H. Alexander,
Jr.
-_
TB 5411--_-_ G. W. Willis

1941
1943

OF_

1941

OF______
Upshur See Gregg County.
Uvalde See also Medina and
Uvalde Counties:
Do.
Uvalde and Zavala:

_ F. A. Welder and
R. D. Reeves.
- WSP 1584-___ ___ __do_

water.
Val Verde:
Del Rio, Bombardier SchoolSan Felipe Springs
1 Publication pending.

_ W. N. White and
Penn Livingston.
_ W. O. George and
C. R. Follett.

OF_

1954

1942

1960

C1)

TBu-___-___- Penn Livingston

1947

OF__._______ R. R. Bennett and
Penn Livingston.
OF. ._.-_____
OF--. -__.___ _____do_-_. -------

1942
1942
1942
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Victoria
Walker :

See Calhoun County :

resources.
Waller:
Ward

See also Reeves County:

Irrig. Dist. No. 1.
Washington :
Webb:
Geology and ground-water
resources.
Wharton:

TB 5003-----

1950

TB 5208----- T. R. Fluellen.-----

1952

OF-. _----.__ Penn Livingston.

1946

OF-. -------- C. R. Follett--------

1942

WSP 778 .- J. T. Lonsdale and
J. R. Day.

1937

TBu__-_--__- J. R. Barnes
Wichita:
Wichita Falls..------ _ - OF_. ________ R. W. Sundstrom ____
Wilbarger:
TBu_--_-_--_ C. R. Follett, R. W.
Sundstrom, and
W. N. White.
TB 5301_ -___ G. W. Willis and
D. B. Knowles.
Wilson:
Diltz airfield _
OF. .-__-.--_ W. N. White _ ----TB 5710_-_-_
county.
Winkler:
TB 5916.. ...
J. B. Wesselman.
Do____----__ --_-_ WSP 1582__._ ..____do -___ _
Wise:
OF. __-__._-_ R. C. Cady ------Bridgeport, leakage at OF_. ..--.-__ W. N. White and
dam near.
W. O. George.
Wood See Gregg County.
Zavala See Uvalde and Zavala Counties.

1948
1943
1944
1953
1943
1957
1959
1962
1937
1943

A few additional publications may be cited. Maps by Lohman
and Burtis (1953a, b) list principal ground-water reports and show
the general availability of ground water in the Arkansas, White,
and Ked Eiver basins; the area includes the Panhandle and a strip
along the Red River in northern Texas. Reports by Broadhurst and
by Gaum, included in a 1953 report of the House Committee on
Interior and Insular Affairs on ground-water type areas, describe
the Coastal Plain in the vicinity of Houston and the High Plains,
respectively. A brief but informative paper by Sundstrom (1957)
discusses ground-water availability and problems in Texas.
A comprehensive planning report was prepared in 1958 by the
Texas Board of Water Engineers in cooperation with the Corps of
671316 O 63

54
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Engineers, Soil Conservation Service, and Bureau of Reclamation
of the Federal Government. The report was updated in 1961 (Texas
Board of Water Engineers, 1961). Together with the State's report
to the Senate Select Committee (State Officials, 1960, p. 335-347),
these provide an excellent source of background information on the
water resources, problems, and potentialities of the State. The threevolume report of the U.S. Study Commission Texas, published in
1962, also should be mentioned. (See p. 864.)
GROUND -WATER RESOURCES

The aquifers of Texas can be divided into five major groups.
These are (1) the sand and gravel aquifers of Cretaceous to
Quaternary age in the Coastal Plain in the southeast; (2) sands of
the Trinity Group of Early Cretaceous age and the Woodbine Sand
of Late Cretaceous age in an area taking in the west edge of the
northern Coastal Plain and an area to the west in the Central
Lowland; (3) limestones of Early Cretaceous age in the Edwards
Plateau and adjacent Balcones fault zone, between the southwestern
part of the Coastal Plain and the High Plains; (4) the Ogallala
Formation of Pliocene age in the High Plains; and (5) alluvium of
Quaternary age, principally along or near the Rio Grande and
Pecos River and in scattered areas in the Central Lowland province
(Texas Board of Water Engineers and others, 1958, pi. 12).
COASTAL PLAIN

In States other than Texas, the inner boundary of the Coastal
Plain is generally the inner boundary of strata of Early Cretaceous
age, or of strata of later age if younger Coastal Plain sediments
overlap the Lower Cretaceous. In Texas the boundary is roughly
at the inner edge of rocks of Late Cretaceous age. On the north,
however, the boundary gradually crosses the belt of Lower Cretaceous rocks so that in Oklahoma it encompasses the entire strip of
Cretaceous and younger rocks along the eastern half of the southern
boundary of that State. In the southern part of the Coastal Plain
in Texas the boundary is marked by the Balcones fault escarpment.
The escarpment rises to the Edwards Plateau, which is underlain
principally by Early Cretaceous rocks. In the northern part of the
Plain the inland boundary is physiographically less distinct.
At the inner edge of the Coastal Plain, as defined, is a belt of
Cretaceous and Pal eocene sediments of generally low productivity.
To the southeast is a belt underlain by the Wilcox Group of early
Eocene age and the Carrizo Sand of middle Eocene age. Some of
the sands of the Wilcox Group are good aquifers, especially in the
northeastern part of the State, but the Carrizo Sand is the principal
aquifer of this belt; it is especially productive in the south-central
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part, where fresh water occurs in it at a maximum depth probably
exceeding: 6,000 feet. The belt reaches the Rio Grande in northwestern Webb County, widens northward and eastward to take in
nearly all of Dimmit, Zavala, LaSalle, and Frio Counties, narrows
gradually northeastward to about 25 miles in Bastrop and Fayette
Counties and vicinity, widens gradually again to 70 miles or so in
Anderson and Houston Counties, and then widens rapidly to as
much as 125 or 130 miles in the rest of its extent in Texas, reaching
the eastern border between east-central Bowie County and eastcentral Sabine County .
To the southeast is another belt of generally low productivity,
underlain by strata of Eocene and Oligocene age. Next is a productive belt of sediments of known or probable Miocene age in which
the Catahoula Sandstone, *Oakville Sandstone, and sands in the
Lagarto Clay are aquifers. This belt starts on the south in northern
Starr and Hidalgo Counties; in the 30 miles or so in southern Starr
and Hidalgo Counties adjacent to the Rio Grande the sediments are
unproductive or contain saline water. From a width of about 15
to 20 miles in Starr County the belt widens gradually to 25 to 35
miles in the stretch between northern Live Oak and southern Gonzales
Counties, where it adjoins and partly overlaps the Wilcox-Carrizo
belt. To the northeast it diverges from that belt, continuing to widen
gradually to ^5 to 80 miles in the area between Harris and Walker
Counties, and then narrowing gradually to about 40 miles at the
Louisiana line in Newton County.
To the southeast, and with no intervening area of poorly productive rocks, is a belt underlain by productive sands of Pliocene and
Pleistocene age including the Goliad and Willis Sands and sands in
the Lissie Formation. As in the Catahoula-Oakville-Lagarto belt,
the sediments in the area just north of the Rio Grande are poorly
productive or saline. The belt is about 75 miles wide in northeastern
Starr, northern Hidalgo, and northwestern Willacy Counties, widens
somewhat to the north, extending all the way to the coast in northeastern Kenedy and southeastern Kleberg Counties, and then narrows abruptly to 25 miles in northern Jim Wells County. It widens
gradually northeastward to 75 miles in Brazoria, Fort Bend, Waller,
and Harris Counties, and then narrows to 30 to 45 miles in the rest
of its extent, reaching the Louisiana line in Newton and northern
Orange Counties.
Southeast of the belt described above the sediments are mostly
poorly productive or saline, except in an area in which sands in the
Beaumont Clay of Pleistocene age are productive aquifers. The
productive area begins in San Patricio County, forming a belt 10
to 15 miles wide extending northeastward to Jackson County; from
there it widens and extends to the coast in Matagorda, Brazoria,
O

'

840

ROLE OF GROUND WATER IN NATIONAL WATER SITUATION

and Galveston Counties, and then swings inland slightly in Chambers, Liberty, Jefferson, and Orange Counties.
TRINITY AREA

Sands of the Trinity Group of Early Cretaceous age and the
Woodbine Sand of Late Cretaceous age form productive aquifers
in a large area in north-central Texas. This area includes the outcrop of the Trinity Group plus an adjacent strip at the inner edge
of the northern Coastal Plain-in which the surficial rocks of Late
Cretaceous age are mostly not very productive and the larger capacity wells extend down into the Trinity.
The area begins in northern Travis .County north of Austin. The
western boundary extends northwestward into Callahan County,
turns sharply eastward, and runs through central Eastland County
and then northeastward and northward to the Oklahoma line in
northeastern Montague County. The eastern boundary runs generally
north-northeastward to the Oklahoma line in western Fannin County.
The sands of the Trinity Group and the Woodbine Sand are not
nearly so productive as the more permeable Coastal Plain sands to
the southeast, but they are important aquifers because they are the
best available in their area and are widely tapped for municipal,
rural, and industrial supply.
EDWARDS PLATEAU AND BALCONES FAULT ZONE

The Edwards Limestone and associated limestones of Early Cretaceous age are important aquifers in the large Edwards Plateau and
the adjacent Balcones fault zone in southwestern and central Texas.
The Plateau extends westward to take in most of Pecos County and
the eastern part of Brewster County. The northern part extends
northward to south-central Howard, southwestern Coke, and northwestern Tom Green Counties. On the east the Plateau extends into
southwestern McCulloch County and into Gillespie and Kendall
Counties.
The Balcones fault zone on the south and southeast extends from
southeastern Val Verde County eastward and then northeastward
through Kinney, Uvalde, Medina, Bexar, Comal, Hays, and Travis
Counties. A prong in which the limestones rather than the Trinity
Group and Woodbine Sand are the chief aquifers extends northward
into Williamson County.
The Edwards and associated limestones yield moderate to very
large supplies to wells, many of which in the Balcones fault zone
flow. The largest flowing well on record in the United States, and
one of the largest if not the largest in the world, penetrated the
limestone aquifer at San Antonio and initially yielded about 24 mgd.
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HIGH PLAINS

The Ogallala Formation of Pliocene age is the chief aquifer in
the High Plains area, which begins at the north edge of the Edwards
Plateau in northern Ector and Midland Counties a$d widens northward to the full width of the Panhandle in the northernmost two
rows of counties. The east edge of the Plains is deeply scalloped by
the valleys of the larger streams, and the Canadian River cuts clear
across, separating the Plains into southern and northern portions.
The southern High Plains is the area of largest ground-water development in Texas.
ALLUVIAL AREAS

Quaternary alluvium is an aquifer in several relatively small but
important areas. These include the Rio Grande valley and the
adjacent Hueco bolson, a southward extension of the Tularosa
Basin of New Mexico; the Salt Basin in northern Presidio, western
Jeff Davis and Culberson, and northeastern Hudspeth Counties (in
part of which the principal aquifer is the Bone Spring Limestone
of Permian age) ; the Pecos River valley and adjacent area in a
stretch extending northwestward from the Edwards Plateau to
western Ward and eastern Reeves Counties (where Cretaceous limestone and sandstone also are tapped for water) ; the Icrwer Rio Grande
valley downstream from the Falcon Reservoir; Haskell and Knox
Counties and other, smaller areas east of the High Plains, where
Quaternary terrace deposits consisting mostly of reworked Ogallala
are the aquifer; the Brazos River valley in the stretch from Bosque
and Hill Counties to Burleson and Brazos Counties; and a few other,
scattered areas.
OTHER AREAS

The areas not included in those underlain by the aquifers of the
five principal groups include most of southwestern Texas west of
the Edwards Plateau and the High Plains; a large area in the
center and north center between the Edwards Plateau and High
Plains on the west and the area underlain by the Trinity Group on
the east, and the belts in the Coastal Plain between the productive
ones described. In most of these areas water of acceptable quality
can be obtained in sufficient quantities for stock and domestic use.
In some areas, however, especially in the southwest and north center
and along the coast, it is difficult to obtain sufficient water acceptable
in quality for domestic use and even for stock.
GROUND-WATER OCCURRENCES AND DEVELOPMENT

Ground water accounted for more than two-thirds of the withdrawal use of fresh water in Texas in 1960, and for five-eighths of
the total withdrawal use including saline water. Prior to large-scale
pumping, recharge and discharge of ground water were in balance.
Withdrawal of ground water, if it is to be perennial, must be
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balanced by a reduction in natural discharge; by an increase in
recharge such as by induced infiltration from streams or by creation
of storage space in recharge areas into which water that formerly
ran off from aquifers that were full to overflowing ("rejected
recharge") can now enter; or by both. In eastern Texas, where precipitation, recharge, and natural discharge are high, such new
equilibrium conditions have been created in many places. In western
Texas, however, especially in the High Plains, natural recharge and
discharge are low and much of the water withdrawn comes from
storage, with a resulting persistent decline in water levels.
In the following sections the occurrence and development of
ground water in the principal areas of withdrawal are described.
NORTHERN HIGH PLAINS

The northern High Plains includes an area of about 9,300 square
miles in the Panhandle north of the Canadian Kiver. The Ogallala
Formation is the principal aquifer and the water is unconfined
(occurs under water-table conditions). The formation consists of
clay, silt, sand, gravel, and caliche, the sand and gravel being the
aquifer. The zone of saturation in most places is 100 to 500 feet
thick. In aJarge part of the area the water table lies between depths
of 150 and 200 feet, but in some places the depth is more than 300
feet. The water is of generally good chemical quality and is suitable
for irrigation, the principal use. Nearly all the water for other uses
also is obtained from wells. Industrial uses are related principally to
the petroleum and petrochemical industries. Some water is obtained
from ponds for stock. In wet weather considerable water accumulates in natural depressions locally called "lakes"; this water is
virtually unused at present.
Irrigation has developed more .slowly than in the southern High
Plains, described in the next section. It accelerated as a result of
the drought of 1951-57. The total withdrawal in 1958 was about
420,000 acre-feet, 383,000 for irrigation, 30,000 for industry, and
7.000 for municipal supply. In that year, remaining storage in the
Ogallala Formation was estimated at 160 million acre-feet. The
storage is computed as the product of the volume of saturated
material and the estimated specific yield (drainable pore space) ;
it does not represent all the water in the formation, but it does
represent the quantity that would drain into wells if the water table
-could be lowered to the bottom of the aquifer.
The amount of water pumped for irrigation each year varies in
accordance with the precipitation, less water being pumped in a year
when precipitation is high than in a drier year. The conditions in
1958 were-about average, and the pumpage in that year represented
about the normal amount for the acreage then irrigated.
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In December 1952 there were about 150 irrigation wells serving
37,000 acres; by December 1959 the number of wells had grown to
1,200 and the irrigated acreage to 324,000. The wells are widely
distributed and the pumpage is supplementary rather than fullscale that is, only a little more than 1 acre-foot per acre per year.
The principal crops are winter wheat and grain sorghum, for which
the combination of precipitation and supplementary supply is adequate. Water levels in observation wells declined about 0.4 foot to
1.4 feet per year from the winter of 1956-57 to that of 1959-60.
Thus, at the current rate of withdrawal, the remaining storage is
adequate for many years of pumping.
SOUTHERN HIGH PLAINS

The southern High Plains, the area of largest ground-water
development in Texas, covers about 25,000 square miles between the
Canadian River and northern Ector, Midland, and Glasscock Counties. As in the North Plains, the Ogallala Formation is the principal
aquifer; sand is the dominant constituent.
As stated elsewhere in this report, the Ogallala Formation
formerly was much more extensive. It has been removed by erosion
from the areas east and west of the present High Plains, and in the
southern High Plains in Texas and adjacent New Mexico it is completely cut off from any connection with other water-bearing rocks
except those underneath, which mostly are of low permeability and
contain saline water. Thus precipitation on the Plains in Texas and
New Mexico is the sole source of recharge.
Water in the Ogallala is generally unconfined. It lies at depths of
50 feet or less to 400 feet or more. It is of generally good chemical
quality and is the principal source -of water for all uses, of which
irrigation is by far the largest. As of the winter of 1957-58, about
36 million acre-feet of water had been withdrawn in the South
Plains of Texas since large-scale pumping started in 1938, and an
estimated 200 million acre-feet remained in storage.
Irrigation reportedly started near Plainview, in Hale County, in
1911. Development increased slowly until 1934, and then somewhat
more rapidly until early in 1937, when there were about 600 irrigation wells. Between January 1937 and January 1951 about 13,400
irrigation wells were drilled, 11,000 of them between 1943 and 1951.
During 1950-58 additional wells were drilled in the older irrigated
areas and much new land was put under irrigation. The expansion
was due in part to low precipitation, especially during the dry years
1952-54. The total number of irrigation wells in use in 1951 was
about 14,000, and the irrigated acreage was a little less than 2,000,000.
By 1958 there were about 44,000 wells, irrigating about 4,400,000
acres.
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The total pumpage in 1950 was about 1,600,000 acre-feet, about
97 percent of it for irrigation. In 1951 the pumpage was about
2,000,000 acre-feet. In the dry years 1952 and 1953 the pumpage
increased to 3,750,000 and 4,800,000 acre-feet. In 1954-58 it probably
averaged about 5,000,000 acre-feet per year.
Prior to 1941 the water table in the irrigated areas declined about
1 foot or less per year. In 1941 heavy precipitation, the heaviest
on record at many stations, reduced the need for irrigation water
and resulted in substantial recharge. Water levels rose by as much
as several feet during 1941 and the next 2 or 3 years. In 1943 or
1944 the downward trend resumed and has continued to date.
The total decline of water levels in the irrigated areas from 1938
to 1958 ranged from 20 feet or less to as much as 80 feet. By the
spring of 1962 there were three areas in wich the total decline since
1938 had exceeded 80 feet. The largest was in west-central Floyd
County and a small adjacent area in Hale County; in a small part
of the area southwest of Lockney in Floyd County the decline had
exceeded 100 feet. Declines between 80 and 100 feet had occurred
in a sizable area in the vicinity of Rails and Lorenzo in western
Crosby County and in a small area in northwestern Randall County,
southwest of Amarillo (Broadhurst, 1962, map, p. 2-3). In areas
where irrigation has been started in recent years the decline has
been small. However, in some of these areas the zone of saturation
is not as thick as it was, or still is, in the older areas, and as
development increases the decline will accelerate and the yields of
wells will decrease.
In the heavily pumped areas, decreases in yield due to declining
water levels were noted as early as 1951, when tests on 14 wells in
Hale County indicated a decrease in average yield from 989 gpm
in 1938 to 786 gpm in 1951 and the average pumping level declined
from 88 feet below the surface in 1938 to 113 feet in 1951. Tests
in other counties in the heavily pumped areas showed similar declines.
Remaining thickness of saturation rather than depth to water
is the significant factor in areas where the thickness was small
originally or has been reduced substantially by heavy pumping. In
some areas where the zone of saturation was relatively thin when
heavy pumping began, the remaining thickness is now less than half
the original, and the yields of wells have decreased appreciably.
A substantial growth in population and in municipal water
demand has accompanied the increase in irrigation. Some cities,
because of decreasing saturated thickness and declining yields of
wells and inability to acquire nearby land for additional wells, have
bought land and developed new well fields as much as 50 miles away.
Amarillo is now obtaining a part of its water from a well field in
Carson County about 30 miles to the east, and is reported to have
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acquired water rights on a large tract of land in Hartley and Dallam
Counties, north of the Canadian River about 70 miles away. The
most attractive areas for such developments are sandy tracts which
are not suitable for irrigation and where water levels have remained
high, and furthermore where the rate of recharge from precipitation
is believed to be higher than average for the Plains. Lubbock has
developed a new well field in a large tract of sandhills in Lamb and
Bailey Counties, and has pumped water about 50 miles to the city
since 1957. Midland is reported to be developing a new well field
in northwestern Martin and northeastern Andrews Counties, about
35 miles to the north. Some smaller cities and towns also are seeking
such supplies, especially near the south edge of the Plains where
the zone of saturation is commonly thin.
A Canadian River Authority has been formed, and in November
1960 the voters in the 11 member cities approved plans to enter
into an agreement with the Bureau of Reclamation to build a
reservoir on the Canadian River. The water will be used for
public supply, and at least for a time there may be a small surplus
that could be sold for irrigation or other uses, or would permit some
reduction in the current pumping from public-supply wells. The
quantities involved are very small in comparison to the total use of
ground water, however. The Canadian River supply represents the
only substantial supply of stream water that appears to be economically available to the Plains under current conditions.
Total ground-water recharge in the southern High Plains is very
small in comparison to the withdrawal equivalent to only a fraction of an inch of water per year over the area of the Plains (p. 41).
Also, the recharge is still balanced by natural discharge through
seeps and springs along the eastern escarpment and in the reentrants
cut into the escarpment by streams. Thus virtually all the water
pumped to date in effect has come out of storage, and the largely
agricultural economy is dependent on a diminishing, though large,
supply of stored water. Conservative use of water; elimination of
avoidable losses; spreading of pumping as widely as possible; and
direct use, or artificial recharge (Cullinan and Reeves, 1961), of as
much as possible of the surface water that accumulates in depressions
in wet weather are among the conservation measures being practiced.
These measures will prolong the life of the supply but cannot maintain it indefinitely. The High Plains Underground Water Conservation District No. 1, formed under the Texas ground-water law of
1949, has been active in promoting conservation measures. The
District was instrumental in the filing of a suit in 1961 in U.S.
District Court in Lubbock, seeking a depletion allowance on ground
water for income-tax purposes, similar in principle to the allowances
made for depletion of gas, oil, and minerals (High Plains Under-
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ground Water Conservation District No. 1, 1961, p. 1). There is
great interest in the suit, which has possibly widespread implications.
HASKELL-KNOX COTTNTY AREA

The Seymour Formation, a terrace deposit of gravel, sand, and
clay of Pleistocene age, is the principal aquifer in an area in central
and northern Haskell County which extends into southern Knox
County. It forms a thin blanket over red beds of Permian age, and
it represents stream deposits laid down during dissection of the
Ogallala Formation of the High Plains. It ranges in thickness
from 0 to 85 feet, and the zone of saturation is as much as 60 feet
thick in the middle of the area. The water is derived entirely from
local precipitation.
As of 1956 an estimated 790,000 acre-feet of water was stored in
the Seymour Formation. Heavy pumping and reduced recharge in
the generally dry period 1951-56 decreased the storage considerably,
but a part of the de-watered zone was refilled during the wetter
years 1957 and 1958.
Prior to 1951 the water was used principally for public and rural
domestic and stock supply. The first irrigation well was installed
in 1938, but as late as 1951 the total number of irrigation wells was
only 3. Prior to 1951 the irrigation withdrawal was probably less
than 500 acre-feet per year. In that year 22 irrigation wells were
drilled. By 1954 nearly 300 wells were in use, and in 1956 about
1,100 wells withdrew about 76,000 acre-feet of water used to irrigate
about 50,000 acres.
Preliminary estimates of recharge suggest that something in excess
of 20,000 acre-feet per year could be withdrawn perennially. The
recharge undoubtedly is not adequate to support continued pumping
at the 1956 rate, however.
EL FASO AREA

The El Paso area consists of three parts: the Upper Valley, or
lower Mesilla Valley (Leggat and others, publication pending),
which extends northward along the Rio Grande into New Mexico;
the Lower Valley, or El Paso Valley, which extends southeastward
from El Paso to Fort Quitman (near Esperanza); and the Mesa,
or Hueco Bolson, which extends northward into New Mexico and
continues as the Tularosa Basin (p. 586) ; it extends also southward
across the Rio Grande into Mexico. Downtown El Paso and the
industrial area are at the upper end of the Lower Valley and are
included in the "city artesian area."
The principal water-bearing beds are the bolson deposits (valley
fill) beneath the Mesa and the valley, and the younger surficial alluvium of the Rio Grande beneath the flood plain in the valley. The
deposits beneath the Mesa contain an estimated 7,400,000 acre-feet of
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theoretically recoverable fresh water. In the part of the Upper Valley in Texas the bolson deposits, considered a part of the Santa Fe
Group of late Tertiary and Quaternary age and reaching a maximum
thickness of at least 1,700 feet, contain an estimated 560,000 acre-feet
of fresh water. The shallow alluvium is permeable but not large in
volume. It contains water more highly mineralized than that in -the
bolson deposits to the north. Downstream from El Paso the water
in the bolson deposits below a depth of 200 feet is salty except in
small areas near Fabens. Saline water alternates with fresh water in
the bolson deposits in the valley in the immediate vicinity of El Paso.
Water from the bolson deposits is pumped principally for public,
industrial, and military supply. Pumpage from these deposits, including that in Juarez across the Rio Grande in Mexico, averaged
61.7 mgd in 1959 as compared with 23.5 mgd in 1949 and 16.8 mgd
in 1939. Industry accounted for 5.8 mgd in 1959, or less than 10 percent of the total.
Water is pumped from the shallow alluvium principally for irrigation, especially when the flow in the Rio Grande is inadequate. In
1956, a dry year, the total was about 154 mgd; in 1959 it was only
10 mgd, including about 3 mgd pumped by the city of El Paso.
The city in 1943 began using some water from the Rio Grande for
public supply. It also has a shallow-well field in the Upper Valley,
from which water is pumped into the river to flow to the filter plant.
In 1959 the city diverted about 6.6 mgd from the river, plus the approximately 3 mgd pumped from the Upper Valley well field into
the river.
The cone of depression in the piezometric surface of the bolson deposits extends from El Paso northward to and beyond the New
Mexico line. The water table declined as much as 33 feet from January 1937 to January 1960 in the vicinity of the old Mesa well field
of the city and that of Biggs Air Force Base. During the same
period the artesian pressure in the city artesian area declined as much
as 29.5 feet in the heavily pumped industrial area and 26.6 feet in
downtown El Paso.
Water levels in the shallow alluvium declined to record lows in
1956 but by 1959 had recovered enough to cause discharge into some
of the drainage canals dug in the alluvium.
Where fresh ground water is available it is overlain, underlain, or
adjoined by saline water, which represents an actual or potential
source of contamination. Since 1935 the chloride content of water
from wells in the city artesian area has increased steadily, and the
wells most seriously affected have been abandoned or are pumped
part time. No serious encroachment has been observed in the Mesa
area.
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The saline water in the bolson deposits beneath the Mesa and the
Upper and Lower Valleys, as well as the most highly mineralized of
the water in the shallow alluvium (which also is saline according to
the definition of 1,000 ppm of dissolved solids as the lower limit of
saline water), represent a potential source of water when more economical methods of desalination are developed. The total amount of
saline water, most of which is in the bolson deposits, is probably
several times as great as the amount of fresh ground water.
Use of shallow ground water represents a way to make more efficient use of surface flow. The shallow water is replenished largely
from surface flow. During dry years, pumping from the alluvium
creates storage space in the alluvium, which is refilled during the
next period of increased streamflow. There may even be an improvement in the quality of the shallow ground water, so long as the river
water is of better average quality than that now in the alluvium;
furthermore, pumping from the alluvium tends. to keep the water
table far enough below the surface to decrease evapotranspiration
discharge, which inevitably is accompanied by an increase in the salt
content of the water left behind.
SALT BASIN

The Salt Basin is a closed depression about 150 miles long and 5
to 15 miles wide. It extends from northernmost Presidio County
across western Jeff Davis and Culberson Counties and northeastern
Hudspeth ©ounty, continuing into New Mexico as the Crow Flats
area (p. 588).
Three parts of the basin are irrigated: the Dell City area in Hudspeth County, which continues into New Mexico as the Crow Flats
area; the Wildhorse area, in Culberson County north of Van Horn;
and the Lobo Flats area, in Culberson and Jeff Davis Counties south
of Van Horn. The chief aquifer is alluvium except in the Dell City
area, where it is the highly permeable Bone Spring Limestone of
Permian age. The ground water is recharged by infiltration of precipitation and of ephemeral streamflow, especially from the Sacramento River which drains the New Mexico portion of the basin. The
ground water moves toward the lowest part of the basin, where it
discharges into salt lakes and thence is evaporated.
In 1960 about 136,000 acre-^feet was pumped for irrigation in the
Texas part of the basin; other uses by comparison were negligible.
About 100,000 acre-feet was pumped to irrigate 25,000 acres in the
Dell City area, and a total of about 36,000 acre-feet for 9,000 acres
in the other two areas.
In 1950-60 water levels declined as much as 19 feet in the Dell City
area and 14 feet in the Wildhorse area; the decline was greatest in
the Lobo Flats area, the maximum in 1951-60 being 70 feet or perhaps more.
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The water in the Wildhorse and Lobo Flats areas is generally satisfactory for most uses. That in the Dell City area is highly mineralized and contains objectionable quantities of sulfate, but it is used
for irrigation. The dissolved-solids content of water from several
wells in the Dell City area increased as much as threefold from about
1949 to 1960, possibly indicating recirculation of the irrigation water.
PEC08 VALLEY

The Pecos Valley is an alluvial area of substantial size, mainly
southwest of the Pecos River in Reeves and Pecos Counties. Water
occurs in the alluvium, in limestone and sandstone of Early Cretaceous age, and in sandstone of Triassic age. The water is recharged
principally by runoff from the mountains to the west and southwest.
Under natural conditions the water moved toward and discharged
into the Pecos River. Movement toward the river has been reduced
or stopped in the heavily pumped areas, and persistent declines in
water levels indicate that the rate of pumping exceeds the maximum
possible sustained yield.
Ground water is used principally for irrigation, the irrigated area
having reached about 150,000 acres in the middle 1950's, declining
thereafter to about 140,000 acres in the late fifties.
The largest irrigated area is the Pecos-Balmorhea area in Reeves
County, where in 1953 about 525,000 acre-feet of water was pumped
from wells for about 102,000 acres. In 1959 an estimated 350,000
acre-feet from wells was applied to 87,000 acres, and about 15,000
acre-feet from springs near Balmorhea was applied to an additional
5,000 acres.
There are four areas of substantial irrigation in Pecos County:
Coyanosa, Fort Stockton-Leon-Belding, Bakersfield, and Girvin. In
1959 a total of about 200,000 acre-feet was pumped for 50,000 acres
in those areas. The withdrawal in the Fort Stockton-Leon-Belding
area has caused springs in that area to cease flowing during the
spring and summer since 1955. About 8,000 acres was irrigated with
water from the springs in 1946, and only 500 acres in 1959.
Irrigation with water from the Pecos River declined in 1950-60
because of a shortage of water in the Red Bluff Reservoir, formed by
a dam a few miles south of the New Mexico line. The water, already
highly mineralized but used more or less successfully for irrigation
(see description of Carlsbad area, New Mexico, p. 576), became even
more highly mineralized during the decade, and irrigation of some
land had to be discontinued. About 32,000 acres was irrigated with
surface water in 1950, and only 8,800 acres in 1959.
In the Imperial area of Pecos County, highly mineralized water
from wells was used to supplement the surface supply, but as the
surface water became inadequate in quantity and poorer in quality
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the area irrigated decreased, and only a few hundred acres was irrigated in 1959.. All but five wells have been abandoned.
Irrigation in-the Pecos Valley apparently has passed its peak and
will continue to decline because irrigation of new areas and extension
of present areas served by ground water probably will not make up
for past and.future decreases in irrigated land resulting from the
factors noted .above. The Pecos River is fully .developed, and no other
large source of surface water is available.
DALLAS-FORT WORTH AREA

The Dallas-Fort Worth area as defined for study purposes includes
Hill County and the four pairs of counties to the north, beginning
with Johnson and Ellis and ending with Cooke and Grayson on the
Red River. Tarrant and Dallas Counties, in which Fort Worth and
Dallas respectively are situated, are in the middle of the area. The
area includes most of the northern part of the belt in which the
Trinity Group and Woodbine Sand are the principal aquifers.
Water-bearing sands in these stratigraphic units furnish supplies of
at least 1 mgd for municipal and (or) industrial use at each of the
following: Fort Worth, Haltom City, Dallas, Arlington, Cleburne,
Grand Prairie, Irving, Denton, Gainesville, and Sherman. In the
central and eastern parts of the area the Woodbine Sand yields small
to moderate supplies to smaller cities.
In 1959 the total pumpage in the area was about 29 mgd for the
public supply of 83 cities and 11.5 mgd for self-supplied industry.
Fort Worth, Dallas, Arlington, Irving, Grand Prairie, and McKinney use both surface and ground water for public supply. They
increased their use of wells in the early 1950's when the surface-water
supply was decreased by drought. Since the drought ended in 1957
the use of ground water in these cities has decreased. In cities not
having access to surface water, the use of ground water increased
markedly during the decade.
The water-bearing sands are not highly permeable. When the
sands were first tapped, wells on low ground would flow, but in the
heavily developed areas wells have long since ceased to flow and
water levels are .hundreds of feet below the surface. The artesian
head declined generally during the 1950's, even in areas where pumping was reduced after the drought ended in 1957. In the Fort Worth
area, where the pumpage decreased by about half from 1954 to 1959,
the water level in a well tapping sand of the Trinity Group showed
a net decline of 71 feet, from 507 feet below the surface in 1954 to 578
feet in 1959.
Small to moderate additional supplies appear to be available in
lightly pumped localities interspersed with more heavily pumped
ones, and also in the part of the area south of Dallas and Fort Worth
which is lightly pumped. Moderate to large additional supplies ap-

TEXAS

851

pear to be available in lightly pumped parts of the generally more
productive area north of Dallas and Fort Worth and south of Sherman in Grayson County.
CENTRAL BRAZOS RIVER VALLEY

The central Brazos Kiver valley is denned as the alluviated part
of the valley extending from southeastern Bosque and southwestern
Hill Counties to southeastern Burleson and southwestern Brazos
Counties. Alluvium of the Brazos Kiver is the chief aquifer, though
sands of the Trinity and Woodbine contain fresh water beneath
northwestern McLennan County and sands of the Wilcox and Carrizo
in the Milam-Robertson-Burleson County area. The alluvium is 0
to 75 feet thick, increasing in thickness downstream and from the
edges to the center of the alluvial valley. The water is unconfined
and is recharged largely by precipitation and from the flow of small
tributaries crossing the alluvium. Natural discharge is probably to
the Brazos River.
Ground water is used chiefly for irrigation, the principal crops
being cotton, grain sorghum, alfalfa, and pasture grass. The wells
range in depth from 16 to about 75 feet, and most of them penetrate
the full thickness of the alluvium. Yields range from 200 to about
1,300 gpm.
The average annual precipitation is about 35 to 40 inches and in
most years is sufficient for fair crop yields. Prior to 1953 there
were only about 50 irrigation wells, but ground-water development
increased rapidly thereafter until the drought ended in the spring
of 1957, by which time about 900 wells had been drilled.
Ground-water pumpage was at a maximum in the year 1956-57,
when about 58,000 acre-feet was pumped to irrigate about an equal
number of acres. The acreage irrigated and water pumped decreased
each year thereafter, and in 1960 the pumpage was probably less
than 15,000 acre-feet, for 45,000 acres.
Water-level records are not available for the period prior to 1957.
Since that time water levels have risen substantially because of
above-normal precipitation and decreased pumping. The average
rise in 25 wells from April 1957 to July 1960 was about 2.4 feet.
Obviously, the area is in a reasonably good position so far as
ground water in concerned. If future droughts result in pumping
that causes excessive declines in water level in the alluvium, water
can be obtained from underlying sands in parts of the area, especially
from the Carrizo Sand in the southeasternmost part.
LUFKIN-NACOGDOCHES AREA

The Lufkin-Nacogdoches area in northern Angelina and southern
Nacogdoches Counties is by far the most heavily pumped in northeastern Texas. The Carrizo Sand is the chief aquifer and yields
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water of excellent quality. The water is used by the cities of Lufkin
and Nacogdoches and by the Southland Paper Mills. During the
year ended May 1960 the pumpage, mostly from the Carrizo, averaged about 20.6 mgd, 3.8 by the cities and 16.8 by the paper mill.
The total pumpage had been about 15.8 mgd in 1949 and 5.8 mgd in
1940.
From 1939 to 1960, water levels in the Carrizo Sand declined substantially in response to pumping, as much as 330 feet in some wells.
Declines in areas distant from heavily pumped localities have been
much less. Each substantial increase in pumping has been accompanied by a sharp drop in water levels, but the rate of decline has
soon decreased. A small decline of the water table in the outcrop
of the Carrizo in northern Nacogdoches County has been observed,
but it is not certain whether the decline is the result of pumping or
of drought. In any event, the outcrop is near enough to the pumped
area to serve as a "line source" of recharge tending to stabilize water
levels as pumping continues.
SAN ANTONIO AREA

The San Antonio area is defined as the part of the Balcones fault
zone, at the south edge of the Edwards Plateau, extending eastward
and then northeastward from central Kinney to northeastern Hays
County. The city of San Antonio is in Bexar County, about where
the fault zone swings from eastward to northeastward. The Edwards
and associated limestones of Early Cretaceous age form a single and
highly productive ground-water reservoir. The reservoir is recharged
by underflow from the Edwards Plateau, where the ground water
is recharged principally by precipitation; by precipitation within
the fault zone; and, especially, by infiltration within the fault zone
of water flowing in streams that cross the zone, including both floodflow and ground-water base flow originating on the Plateau. During
1934-59 the recharge to the San Antonio area was estimated to
average about 500,000 acre-feet per year.
Many wells are capable of yielding' more than 3,000 gpm from the
limestone reservoir. As stated previously, the largest flowing well on
record is one at San Antonio which flowed about 24 mgd in 1942. The
water occurs in cavernous zones whose presence and depth cannot
be predicted in advance of drilling, and wells of large and very
small yield may lie only a short distance apart.
Although the piezometric surface of the limestone aquifer slopes
generally southeastward and ground water moves in that direction,
the principal movement is eastward along solutionally enlarged
faults and other fractures. Under natural conditions the water flowing eastward was discharged through springs, especially Comal
Springs at Xew Braunfels in Comal County and San Marcos Springs
at San Marcos in Hays County.
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Where the water circulates freely in the reservoir it is of generally
uniform temperature and quality; the quality is good except that
the water is hard. Along the south edge of the area and at depth,
where circulation becomes restricted, the mineralization builds up.
Hydrogen sulfide is a common constituent in the southern part of
the area, and still farther south the water becomes saline.
Pumping from wells has intercepted a part of the spring flow. As
a result of drought in the period 1947-57 and of increased pumping,
water levels declined to record lows in 1956 and early 1957, Comal
Springs ceased flowing in parts of 1955-57, and the flow of San
Marcos Springs decreased substantially. Heavy rains in 1957 and
1958 restored water levels nearly to the stages of 1947, and flow of
the springs has resumed.
The average annual discharge of ground water, through wells and
springs, is estimated to have been about 507,000 acre-feet in 1934-59.
That is, there was an average annual decrease in storage of about
7,000 acre-feet during that period, or a net decrease of about 175,000
acre-feet.
During the period of record the discharge from springs dominated
the total except in 1954, 1955, and 1956, when that from wells
exceeded the declining flow from the springs. The total in 1959
was about 621,000 acre-feet, 387,000 from springs and 234,000 from
wells. Ninety percent of the spring water was discharged from
Comal and San Marcos Springs.
Additional large supplies could be developed in the San Antonio
area, but in general with the effect of reducing natural discharge
through springs and, to the extent that the water was used consumptively, of reducing streamflow in to area to the southeast.
WINTER GARDEN AND ADJOINING AREA

The Winter Garden and adjoining area, in which vegetable
growing is important and which includes Crystal City, the "spinach
capital of the world," is denned as including Dimmit, Zavala, Frio,
Atascosa, and Wilson Counties, the northwestern third of McMullen
County, the northern two-thirds of LaSalle County, and a small area
in eastern Maverick County. The Carrizo Sand is the principal
aquifer and yields large quantities of water for irrigation and smaller
quantities for municipal and industrial uses. The water is recharged
chiefly by precipitation on the outcrop in the western and northern
parts of the area. The water moves downdip to the southeast and in
the principal areas of withdrawal is artesian. Wells on low ground
in some areas flow under artesian pressure. Several flowing wells of
large yield were drilled within the area by a water district and for
a short period during the drought of the middle 1950's discharged
into the Nueces River, in which the water flowed to Corpus Christi
and was used there for public supply.
671316 O 63
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The Carrizo Sand contains the deepest known potable water in
Texas. In Live Oak County, southeast of the Winter Garden area,
usable water occurs at depths that probably exceed 6,000 feet.
In 1959 a total of about 165 mgd was withdrawn from the Carrizo
Sand in the area, 155 mgd for irrigating about 140,000 acres and 10
mgd for municipal and industrial supply. In addition to vegetables,
crops include grain sorghum, oats, and cotton.
The amount of water stored in the Carrizo Sand beneath the area
is very large in comparison to the annual withdrawal, but the pumping' in Dimmit and Zavala Counties exceeds considerably the rate
at which water can move toward those counties at the present
gradient of the piezometric surface. Therefore, water levels are
declining persistently and the aquifer must be considered overdeveloped in at least those two counties. In other, more lightly
pumped parts of the area additional supplies await development.
GULF COAST REGION

The Gulf Coast region as denned for study purposes is a part of
the Coastal Plain extending more than 400 miles from the Eio
Grande to the Sabine and from the coast an average of 75 miles
inland, about to the inland boundaries of Hidalgo, Jim Hogg,
Duval, Jim Wells, San Patricio, Bee, Goliad, Victoria, Lavaca,
Colorado, Austin, Waller, Montgomery, San Jacinto, Polk, Tyler,
Jasper, and Newton Counties. In a very general way, the boundary
coincides with or lies within the northwest border of the belt underlain by the Catahoula and Oakville Sandstones and the Lagarto Clay,
and the fresh-water-bearing formations are of Tertiary and
Quaternary age. A tremendous volume of fresh water is stored in
the bodies of sand and gravel, which alternate with silt and clay;
and the rate of replenishment is high in the eastern part of the
region, decreasing westward and southwestward.
The sediments were deposited as coalescing alluvial fans or deltas
near or off a slowly retreating shoreline, and originally they were
filled at least partly with saline water. The saline wTater has been
flushed downdip by fresh water from precipitation, to an extent
depending on the rate of precipitation, the elevation of the recharge
area and the permeability of the sediments, and the length of time
since the recharge area rose above sea level. Thus the flushing action
has been greatest in the most permeable strata cropping out at the
highest elevations in the area of greatest rainfall. At places in the
eastern part of the region, in areas 40 to 50 miles from the present
shoreline, the salt water has been flushed out to a depth of as much
as 3,500 feet. In the southern and drier part of the region the
flushing has been less complete, and along the Rio Grande and in
a belt of variable width along the coast as far northeast as Calhoun
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County the supply of fresh water is small. Rather commonly near
the coast in the southern part ofr-the region, the shallowest water is
saline, better water occurs below to a depth of a few hundred feet,
and then the water becomes progressively more saline at greater
depths.
Even in a part of the wet area in the east, in Chambers and
Jefferson and southeastern Liberty Counties, the recently emerged
sediments that underlie the surface are of low permeability, contain
saline water, or both.
An average of about 770 mgd was pumped from large-capacity
wells in the region in 1959. There are thousands of small-capacity
wells also, but the agregate pumpage from these is relatively small.
The pumpage from the large wells was about 590 mgd in 1949
and reached a peak of about 910 mgd in the dry year 1954. The
decrease after 1954 was clue largely to curtailment by the Department of Agriculture of the acreage of rice, irrigation of which
accounts for a larger part of the total pumpage than any other use.
In 1954 a little more than 600,000 acres of rice was planted; in 1955
the total was about 426,000, of wThich about 155,000 was irrigated
with ground water.
There were other reasons for the decrease in pumping, however.
One was a return to greater precipitation in 1957-60. Another wyas
the availability to the Houston area after 1954 of large supplies of
surface water from Lake Houston on the San Jacinto River. The
city used about 24 mgd of treated surface water for public supply
in 1959; none had been used in 1954, at which time the city was
the largest in the Nation depending entirely on ground water for
public supply. Still another was an increase in the use of industrial
water from the San Jacinto River. Industrial water from that river
was first brought to Houston in 1943. At the time Lake Houston was
created in 1954 the industrial pumpage from the river was about
17 mgd. In 1959 it was about 53 mgd.
Most of the ground water is withdrawn in the northeastern threefifths of the region, northeast of the Gimdalupe River. In 1959 about
620 mgd of the total of 770 mgd was pumped in that part of the
region 140 mgd for public supply, 170 mgd for industry, and 310
mgd for irrigation, all but 10 mgd for rice.
The 150 mgd pumped southwest of the Guadalupe River included
about 20 mgd for public supply, 10 mgd for industry, and 120 mgd
for irrigation about 85 mgd of it in the lower Rio Grande valley
where winter vegetables, cotton, citrus trees, grain, and pasture grass
are grown.
The two principal ground-water problems that have resulted from
heavy withdrawal of ground water affect the Houston-PasadenaBaytown area of Harris County and the Texas City-Alta Loma area
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of Galveston County. These are salt-water encroachment and subsidence of the land surface. Salt-water encroachment forced the
abandonment of most industrial wells in the Texas City area by 1948.
It also forced the city of Galveston to drill additional public-supply
wells inland from its original well field at Alta Loma, though some
water from the Alta Loma field is still used after being mixed with
the better quality water from the new field.
In the Houston district the effects of salt-water encroachment are
probably many years away, though "outpost" wells about 5 miles
coastward from the heavily pumped Pasadena industrial area have
shown increases in chloride content.
Subsidence of the land surface has affected both major areas. Between 1942 and 1959 it reached a maximum of more than 3 feet in
the Pasadena area and more than 5 feet in the Texas City area.
As time goes on, problems of salt-water encroachment and land
subsidence in the Houston-Texas City area, and in any other areas
where they may be brought on by increasing withdrawal, can be met
in the same way as they have been attacked in the Houston-Texas
City area by shifting the pumping inland away from the coast
toward the areas of recharge, and by increasing the use of surface
water. Very large additional quantities of ground water can still be
developed in the region, especially in the wetter northeastern part
and especially in localities within that part that are now lightly
pumped.
The remaining areas to be described are all within the Gulf Coast
region as defined.
LOWER RIO GRANDE VALLEY

The lower Rio Grande valley is a belt north of the river in southern
Starr and Hidalgo Counties, southwestern Willacy County, and western Cameron County. The belt is only a few miles wide in
Starr County; increases to a maximum of about 35 miles in Hidalgo
County, nearly reaching the southwest corner of Kenedy County;
and ends about where the river turns northward after reaching the
southernmost part of its course, below Brownsville. The climate is
semitropical but subhumid, and irrigation is necessary for successful
growth of most crops. The principal crops are citrus fruits, winter
vegetables, and cotton.
The principal aquifers are alluvium of Quaternary age along the
Rio Grande and associated coastal sediments of Quaternary age which
underlie all but the westernmost part of the area. About 85 mgd
was pumped from wells for irrigation in 1959. The two principal
irrigated areas are the Linn-Faysville area in central Hidalgo County
and a strip along the Rio Grande extending from south-central Starr
to western Cameron County.
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About 8,000 acres is irrigated in the Linn-Faysville area. Most
of the water is taken from wells less than 100 feet deep, though some
wells are as deep as 1,000 to 2,000 feet. In most of the area the shallow water is of fair quality for irrigation; it is best toward the west
and poorest toward the east. Water from the deeper wells is high
in percent sodium and thus is not suitable for prolonged irrigation,
though it is usable for domestic and stock supply.
Water levels in shallow wells declined as much as 21 feet from
1948 to 1957. The pumping in the developed area does not appear to
be excessive; neither does it appear that the pumping could be increased substantially. There is no local source of surface water.
In the area along the Rio Grande about 600,000 acres is irrigated,
most of the water being taken from the Rio Grande. During the
drought of 1947-57, when the Falcon Reservoir was not yet able to
provide a dependable supply to the river, about 1,500 wells were
drilled, mostly to provide supplementary water for irrigation. After
the drought ended, the water from the wells was used to extend irrigation to previously unirrigated tracts lacking surface-water rights.
Possible future reservoirs upstream from the Falcon would increase
the dependable supply of surface water still further and would make
possible the irrigation of more new land from wells.
The quality of the ground water is fair to bad for irrigation; it
is best near the river and progressively poorer northward. It deteriorates also with depth, being best in the zone 75 to 300 feet below
the surface.
The shallow ground-water reservoir, at the current level of development, probably would be nearly depleted during a drought of several
years' duration, but would tend to be replenished rather quickly
from precipitation and streamflow after a return to wetter weather.
PEEMONT

AREA

The Premont area is in southern Jim Wells County and adjacent
northeastern Brooks County. The principal aquifers are sands of
Quaternary age, interbedded with silt and clay. The estimated daily
pumpage in 1960 was about 3^ mgd, about 1 mgd each for public
supply and irrigation and %y% mgd for petroleum and associated
industries. In Jim Wells County, water levels in many wells declined 10 feet or more in 1950-60, mainly before 1957 when the
drought ended. In Brooks County the levels were lower in 1960 than
they were in 1950 but had changed little since 1957.
The withdrawal was less in 1960 than it was earlier, but ground
water is still the major source of supply in the area. There is no
local source from which -a dependable supply of surface water could
be obtained.
As is common in coastal southern Texas, the best water lies between
shallower and deeper zones of saline water.
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SINTON-MATHIS AREA

The Sinton-Mathis area is in northwestern San Patricio and southern Bee Counties. The principal aquifers are sands of Tertiary or
Quaternary age 300 to TOO feet below the surface.
Irrigation wells were first drilled in 1953, after which the pumpage
for irrigation increased to about 6 mgd by 1960. The principal crop
is cotton; others are grain sorghum and vegetables. An estimated
l l/2 mgd was used in i960 for public supply.
FREEPORT

AREA

The Freeport area is in southeastern .Brazoria County, along the
Brazos River. Water of fair quality is pumped for public and industrial supply from wells averaging a few hundred feet in depth.
Deeper wells yield saline water, which is used for industrial supply.
The pumpage in the area was heavy during World War II, and water
levels declined rapidly, indicating local overdevelopment. The pumpage decreased to about 10 mgd in 1949 and was only 5 mgd in 1960.
The decrease in withdrawal was made possible by increased use of
water from the Brazos River. In 1961 an additional source was
placed in operation the first of the Interior Department's demonstration plants for conversion of saline water. The plant, which uses
the process known as long-tube vertical multiple-effect distillation
(U.S. Office Saline Water, 1959, p. 28-29)), is converting 1 mgd of
sea water to fresh. The water is used for municipal and industrial
supply.
HOTJSTON-PASADENA-BAYTOWN

AREA

The Houston-Pasadena-Baytown area covers about 700 square miles
in southeastern Harris County. It is one of the most heavily pumped
ground-water areas in the United States. The water is used principally for public and industrial supply. Not far to the northeast,
west, and southwest are three areas of heavy pumping for rice irrigation, described in a later section.
The water is pumped from artesian sands of Quaternary and Tertiary age, which contain fresh water at depths as great as 3,500 feet.
The pumpage in the area was about 200 mgd in 1959. In the HoustonPasadena part of the area the pumpage in 1959 was about 170 mgd,
having increased from about 50 mgd in 1930 to 77 mgd in 1941 and
150 mgd in 1949. Of the 1959 pumpage about 90 mgd was used for
public supply and about 80 mgd by self-supplied industries. The
pumpage in the Baytown area in 1959 was about 20 mgd, having
shown no material increase since 1948.
One of the principal effects of pumping has been a large decline in
water levels in wells. In some wells declines of nearly 300 feet were
recorded between the 1920's and 1960. Each substantial increase in
withdrawal in the Houston-Pasadena area has been accompanied by
a pronounced decline in artesian head. The decline between the
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springs of 1941 and 1950 ranged from 25 feet in lightly pumped localities to 100 feet or more in centers of heavy pumping. Water
levels continued to decline until 1954, when large quantities of surface water became available to industries and municipalities in the
area. Ground-water withdrawals decreased and water levels rose in
the heavily pumped localities. Levels in outlying areas continued to
decline, but at a decreasing rate. After 1956 water levels in some
wells began to decline again, but at a relatively low rate; in other
wells in 1960 they were about the same as or a little higher than in
1954. The net decline between 1950 and 1960 ranged from 20 to 40
feet in most of the area.
Water levels in the Baytown area have not declined so much. In
some wells they declined as much as 70 feet between 1934 and 1949.
From 1949 to 1959 the decline averaged about 40 feet.
The subsidence of the land surface and the potential threat of saltwater encroachment were mentioned previously. In most of the area
the subsidence has been much less than the maximum of more than 3
feet in the Pasadena area.
GALVESTON-TEXAS

CITY

AREA

The Galveston-Texas City area can be considered to cover Galveston County. Water is pumped from aquifers similar to those in the
Houston area, but generally shallower and also younger, entirely of
Quaternary age. The total pumpage rose from about 12 mgd in 1934
to a peak of about 35 mgd in 1945. After the war the pumping declined somewhat, and in 1948 it declined rather abruptly when a
supply of about 23 mgd of surface water from the Brazos River was
made available to the area. During the 1950's the total pumpage of
ground -water ranged from about 23 to 27 mgd; in 1959 it was about
24 mgd.
Water levels in the deeper wells declined as much as 100 to 110 feet
during the period of heavy development prior to 1948. Since 1948
those in the southern half of the county have risen or remained fairly
steady. Those in the northern part of the county have continued to
decline, at rates of 2 to 4 feet per year according to depth and location of the wells, primarily in response to the pumping in the Houston area.
The salinity of the ground water varies widely. On Galveston
Island the only fresh water is that in a thin lens floating on salt
water, and this lens is readily subject to salt-water encroachment or
to pollution from surficial sources. In 1894-95 the city of Galveston
drilled wells on the mainland for public supply, the well field being
located at Alta Loma. Pumping in that field, in Texas City, and
elsewhere in the area induced the encroachment of salt water, and
as stated previously the city of Galveston has had to drill additional
wells inland from the Alta Loma field. Most of the industrial wells
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in Texas City and vicinity were abandoned in 1948 when the surfacewater supply became available.
The ground-water withdrawal has caused the land surface to
subside, more than 5 feet in 1942-59 at places in Texas City and
lesser amounts at progressively greater distances from the centers
of heavy pumping.
KATY, LIBERTY, AND EL OAMPO RICE-IRRIGATION

AREAS

Irrigation of rice accounts for a large part of the ground water
used in the Gulf Coast region. The principal areas of rice irrigation
are the Katy area, west of Houston in Fort Bend, Harris, Waller,
and Brafcoria Counties; the Liberty area northeast of Houston in
Liberty and Hardiii Counties; and the El Campo area southwest of
Houston, covering all or parts of nine counties between the Guadalupe and Brazos Rivers. The irrigation wells range in depth from
150 to 800 feet, in diameter from 12 to 20 inches, and in yield from
500 to 3,000 gpm.
The acreage of rice irrigated with both surface and ground water
in the Gulf Coast region in Texas was about 460,000 in 1950 and
rose to a peak of a little more than 600,000 in 1954. Owing to curtailment of acreage allotments by the Department of Agriculture after
1954, the total acreage in the region decreased to about 415,000 in
1959. The acreage irrigated with ground water in the three principal
areas was about 110,000 in 1950, increased until 1954, and then
decreased but was still 145,000 in 1959. Thus, although there was
a net decrease in total rice acreage from 1950 to 1959, there was a
net increase in acreage irrigated with ground water. The distribution
of the irrigated area in 1959 was as follows: 47,000 acres in the Katy
area, 16,000 acres in the Liberty area, 82,000 acres in the El Campo
area, and a total of 10,000 acres in areas scattered elsewhere in the Gulf
Coast region. The estimated average pumpage in 1959 was about
85 mgd in the Katy area, 30 mgd in the Liberty area, 160 mgd in
the El Campo area, and 15 mgd in the scattered small areas.
Ground-water levels in the rice-irrigation areas have declined only
moderately in response to the pumping, and additional development for large-scale uses would be feasible within those areas and,
of course, in adjacent areas that are now pumped only lightly.
ORANGE-EVADALE AREA

The Orange-Evadale area extends from Orange in Orange County
across southern Newton County to Evadale in Jasper County.
Ground water is pumped mainly from aquifers of Quaternary age,
including sand in the Beaumont Clay in southern Orange County.
The pumpage, which is mainly for industrial and public supply, rose
from 8 mgd in 1950 to 31 mgd in 1960, largely as the result of
construction of a large industrial plant at Evadale, which uses
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about 19 mgcl, and of continued growth in the Orange area. Groundwater levels, especially in the vicinity of Evadale, declined sharply
in response to the increased withdrawal, but the decline then slowed
and by 1960 the situation appeared to be nearly stable.
PROBLEMS, PROSPECTS, AND NEEDS

Texas has both large water resources and numerous water probbleins. The problems are generally similar to those in other Western
States that have a large water supply but one that is unevenly
distributed in both time and place. The problem of uneven distribution is brought out strikingly by the State (State Officials, 1960, p.
339) in the observation that 1 acre in easternmost Texas generates
1 1A acre-feet of runoff in an average year, whereas in western Texas
it takes as much as 175 acres to produce the same amount. The
problem of uneven areal distribution is compounded (1) by wide
variations in precipitation and runoff from year to year; (2) by
the generally low relief of the State which makes good reservoir
sites scarce (the best sites are in the driest part of the State), so that
it is difficult and expensive to catch and store the wet-year runoff for
use in dry years; (3) by the high potential rate of evaporation
(average annual evaporation from open bodies of water ranges
from about 50 inches in eastern Texas to as much as 80 inches in a
small area in southwestern Texas) and the correspondingly high
degree of consumptive use of water in the drier part of the State;
and (4) by the poor quality of water in much of that part.
Floods are a problem from time to time throughout the State.
Rates of rainfall may be very high, even in parts of the State where
water is prevailingly deficient occasionally more than 20 inches in
24 hours and on at least one occasion 22 inches in 2 hours 45 minutes
{D'Hanis, Medina County, May 31, 1935; U.S. Weather Bur., 1961,
p. 5). Such rainfall generates very high floodflows, the bulk of
which are lost fojfbuseful purposes because of lack of adequate reservoir capacity. These flows are considered in computing average
figures for runoff. That they occur means simply that the figure
for average runoff gives a misleading impression of the quantity of
water available; in most years the amount is smaller than the indi. cated average. The variability in runoff is recognized in the current
rapid rate of construction of reservoirs for conservation storage and
flood-control. As of December 1961 a total of 288 reservoirs having
capacities .of 5,000 acre-feet or more were operating or under construction in the State; the largest had a capacity of 5,530,000
acre-feet.
Stream pollution from > natural sources principally, by runoff
and ground-water discharge .from terranes of salt-bearing rocks in
the drier part of the State is a problem, especially in the upper
Red and Brazos River basins. On the Brazos the effects extend all
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the way to the mouth, and on the Red they extend down to and
include Lake Texoma on the Texas-Oklahoma line. The seriousness
of pollution of streams from manmade sources is not fully known.
New State controls of surface- and ground-water pollution were
established by legislation which became effective in 1961. The Water
Pollution Advisory Council (State Officials, 1960, p. 340) was abolished and a new State agency, the Texas Water Pollution Control
Board, was established. The Board is now in the process of adopting
rules and regulations which will have the effect of establishing a
permit system for the discharge of wastes into or adjacent to the
waters of the State.
,The State recognizes three major problems affecting ground
water. One is the mining of ground water in the western part of the
State, in areas where ground water is an important or perhaps the
only source of water, is used largely consumptively for irrigation,
and is replenished at a rate smaller than the current rate of withdrawal. The principal area of mining is the southern High Plains,
where the current withdrawal of some 5 million acre-feet per year
is many times greater than the rate of replenishment and where,
furthermore, the replenishment cannot be considered as compensating
for even its small equivalent fraction of the withdrawal because it
is still being balanced by natural discharge not yet reduced as a
result of the pumping.
v
In the early days of development in the southern High Plains the
supply seemed inexhaustible. Water levels began to decline in the
pumped areas, especially when development became large about
1938. The heavy rains of 1941 resulted in recharge that generally
did more than just slow the rate of decline; it raised water levels
in most areas, in some to stages higher than those observed in the
early 1930's before pumping became heavy. It took time, therefore,
to achieve widespread realization among ground-water users that
they were taking water out faster than it could be replenished, even
after allowance was made for the effect of years such as 1941, which
might come only once or twice a century. In 1949, largely owing
to recognition of the need for conservative use of water in such
areas as the High Plains, the State enacted a ground-water law
which authorized the formation of local districts having the power
to make and enforce regulations governing the withdrawal of "percolating" ground water (Hutchins, 1961, p. 588-600). Under this law
a number of districts have been formed in the High Plains and
elsewhere. High Plains Underground Water Conservation District
No. 1, which covers most of the developed area of the southern High
Plains, has set up and is enforcing well-spacing regulations designed
to spread the pumping and minimize local drawdown. The District's
principal efforts, however, have been educational, and they have
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resulted in general recognition of the fact that ground water is
being mined.and of the need to plan for a future when pumping on
the present scale will no longer be possible. They have led also
to widespread adoption of practices to eliminate wasteful use of
ground water and to take advantage of such surface runoff as may
accumulate in depressions by using it instead of ground water for
irrigation and, where practical, putting a part of it into the ground
through wells. Artificial recharge through wells is not now considered as promising as it once was (Cullinan and Reeves, 1961),
but research and experimentation are still going on.
The second major ground-water problem is the lack, in spite of
the very large amount of work done to date in ground-water studies,
of sufficient quantitative information on the maximum sustained
yields of aquifers. Texas is so large, and ground-water development
is so important, that many more man-years of effort will be needed
to provide a sound factual base for the best use and conservation of
the State's ground-water supplies.
The third major problem is existing or potential pollution of
ground water resulting from discharge of both natural and manmade
substances. Control of manmade pollution is being attacked in the
programs of the Texas Water Pollution Control Board, mentioned
previously, and other State agencies. Of interest in this regard is
completion of the first well drilled under the provisions of Senate
Bill 722, passed in 1961, for underground disposal of industrial
wastes. The well, at Dumas in the northern High Plains, will be
used for disposal of waste hydrochloric acid from a potash-refining
process into the Glorieta Sandstone of Permian age below a depth
of 1,150 feet (North Plains Water News, 1962, p. 3).
. The .State is also considering methods that might be used to reduce
pollution resulting from discharge of naturally saline water.
""^Thfibrdrought that began in 1948 and worsened during the early and
imddle 1950's affected all parts of the State and underlined the need
J for a program of coordinated planning and development of water
projects, to replace the historical policy of uncoordinated projectby -.project development. The 1957 Legislature enacted the Texas
Water Planning Act, which provided for preparation of a report to
be submitted to the Legislature recommending how the water resources of the State should be developed. A large planning committee has been appointed by the Governor, and a planning, division
has been established in the Texas Water Commission (until Jan. 30,
1962, known as the Texas Board of Water Engineers), the agency
principally responsible for investigation and regulation of development of water in the State and the principal cooperator with the U.S.
Geological Survey in hydrologic studies.
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Also, in 1957, the people of Texas adopted a constitutional amendment providing a loan fund of $200 million to assist political subdivisions in financing the construction of surface-water-supply projects. The Texas Water Development Board was created as the
operating agency.
In 1958 the Congress established the U.S. Study Commission for
Texas, and that Commission has made a study of water-resources
development aimed at assisting the State in discharging its responsibilities in water-resources development and at coordinating Federal
planning so that Federal projects authorized by the Congress may
fit properly into the pattern of development undertaken by the State
and its people.
Texas takes the approach that the responsibility for development
of water resources should be at the "lowest possible governmental
level capable of performing the desired functions" (Texas Board
Water Engineers and others, 1958, p. 166). The function of the State
is to assist local agencies in meeting their responsibilities, by providing hydrologic information, coordinating planning, and giving
financial help as appropriate, such as under the provisions of the
constitutional amendment mentioned above. This philosophy is behind the State law of 1949 providing for the formation of local
ground-water districts. It is reflected also in the fact that most past
water projects in Texas, including those for flood control, have been
built by private interests and local governmental units.
In the same way, the State regards the role of the Federal Government as one of assisting the States in meeting their water problems, by helping to provide hydrologic information, such as in the
cooperative program of the U.S. Geological Survey; assisting in
planning, through such instrumentalities as the U.S. Study Commission; and building flood-control and navigation projects.
The wealth of Texas in resources, including especially water,
petroleum, and soil, is reflected in the rapid growth of population
and economic production during the last decade. The State has a
broad economic base upon which to build its future development of
water and other resources. Although the conditions imposed by
nature will make it difficult to solve the water problems, the growing
realization, both in Texas and in the Nation as a whole, of the needs
involved in satisfying future water requirments has led to progressively more concrete steps to meet the situation.
UTAH
Water supply substantial, but small in relation to large size and potential
water demand of State. Precipitation ranges from 5 inches or less in Great
Salt Lake Desert to 60 inches or more on highest peaks; average is about 11.5
inches according to State but may be somewhat higher. Runoff ranges from
0.25 inch or less in western deserts and parts of Colorado Plateaus to about
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40 inches in highest part of Wasatch Range; averages about 1.8 inches for
total of 7.3 bgd (8.2 million acre-feet per year). State receives water from
outside mainly in Colorado River and its tributaries the Green, Dolores, and
San Juan Rivers. Except for relatively minor outflow in Virgin and Raft
Kivers and Goose Creek, discharge is mainly to Colorado River and to deserts
of Great Basin.

Principal supplies of ground water are in alluvial fill of valleys in Great
Basin, in similar fill in intermontane basins in Rocky Mountains and in Uinta
Basin, and in alluvium along a few streams in Colorado Plateaus. Water
known to be present in sedimentary strata of the bedrock on flanks of Uinta
Mountains, in southeastern part of Colorado Plateaus, and in a few other
areas; doubtless present in much of Colorado Plateaus and may be present
in scattered areas elsewhere.
Fresh-water use in 1960 about 3,900 mgd (4.4 million acre-feet), 120 mgd
surface water and 100 mgd ground water for public supply, 8.7 and 11 mgd
for rural supply, 227 and 58 mgd for industry including 77 mgd surface water
for .public-utility fuel-electric power, and 3,000 and 350 mgd for irrigation (3.4
and 0.39 million acre-feet). About 5.5 mgd saline surface water and 3 mgd
saline ground water used for industry. Hydropower use about 1.8 bgd.
Water problems include potential overpumping of several alluvial basins in
southwest, waterlogging in some areas especially on eastern shore of Great
Salt Lake and in lower part of Cache Valley, waste of water by evapotranspiration, inadequate surface-water supplies in latter part of irrigation season,
floods including destructive mudflows from Wasatch Range and other mountains, poor quality of water in much of State, and deficiencies in quantitative
hydrologic data, especially on potentialities for salvage of natural losses in
Great Basin. Nevertheless, future prospects good because State recognizes
problems and is active in developing methods for attacking them.

Utah is an arid to semiarid Western State covering 84,916 square
miles. It has a substantial water supply but one that is small in relation to existing or potential needs. The State is mostly in the Basin
and Range, Colorado Plateaus, and Middle Rocky Mountains physiographic provinces. A small area in the northwest corner is in the
Columbia Plateaus province and drains to the Snake River by way
of Goose Creek; an adjacent small area in the Basin and Range
province drains to the Snake by way of the Raft River. Small areas
along the eastern part of the north edge are in the Wyoming Basin
province, but these still drain into the Colorado River by way of the
Green River.
The Wasatch Range of the Middle Rocky Mountains in the north
and the High Plateaus of Utah, a section of the Colorado Plateaus
province, to the south form a belt of high land running down through
about the middle of the State. To the east at the north edge of the
State is a range of the Middle Rocky Mountain system, the Uinta
' Range, which runs eastward along the north edge of the Uinta structural basin. South of thatSbasin, which is considered a part of the
Colorado Plateaus, and east of the High Plateaus section is the
Canyon Lands section of the Colorado Plateaus. West of the
Wasatch front and the High Plateaus is the Great Basin section of
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the Basin and Eange province, a large area of internal drainage
whose lowest part was once occupied by a huge lake, Lake Bonneville. This Pleistocene lake covered some 20,000 square miles in Utah,
Nevada, and Idaho and discharged into the Snake Kiver; Great Salt
Lake is its shrunken remnant. Sevier Lake, dry as of 1962, and Utah
Lake also were covered by the ancient lake.
The Precambrian rocks that underlie the whole State crop out in
a large area in the Uinta Mountains and in smaller areas in the
Wasatch Eange. Cambrian sedimentary rocks crop out in the
Wasatch Kange and in some of the large ranges in the Great Basin.
The next youngest rocks cropping out in large areas are strata of
Carboniferous age; they flank the Wasatch and Uinta Ranges and
form some of the block-fault mountains in the Great Basin, and
they crop out in large areas of the Colorado Plateaus. Sedimentary
rocks of Mesozoic age are exposed at the edges of some mountains in
most of the Colorado Plateaus, including the edges of the Uinta
Basin. In the High Plateaus, volcanic rocks of Tertiary age cap the
Mesozoic rocks. Similar volcanic rocks form some of the mountains
in the Great Basin.
Sedimentary rocks of , Tertiary age underlie the broad Uinta
Basin, the east flank of the Wasatch Range, and sizable basins at
the south end of the High Plateaus. In the lower parts of the
Uinta Basin they are mantled by alluvium of Quaternary age.
Alluvial and lacustrine valley fill of Quaternary age, generally underlain by similar deposits of late Tertiary age, floors the valleys of
the Great Basin and several basins in the Middle Rocky Mountains
and Colorado Plateaus. Locally, volcanic rocks of Tertiary' and
Quaternary age are interbedded with or cap the valley fill. The
valley fill includes sand and gravel deposits which form the principal
aquifers of the State.
The precipitation has a wide range, from 5 inches or less in the
driest parts of the Great Basin to 30 inches or more in most of the
Wasatch and Uinta Ranges, in several of the highest mountains and
plateaus of the west and southwest, and in the Abajo, Henry, and
La Sal Mountains in the Colorado Plateaus to the southeast. It rises
to 60 inches or more in some of the highest peaks of the Wasatch
Range and of ranges in the Great Basin and to 40 inches or more in
the highest parts of the Uinta, Oquirrh, and Stansbury Mountains.
It is 5 to 9 inches in much of the Great Basin and in most of the
Uinta Basin and the rest of the Colorado Plateaus, and according to
the State (State Officials, 1960, p. 348, 353) it averages about 11.5
inches in the State as a whole. Some data indicate that the figure of
11.5 inches may be low, but by how much is not known.
The average annual runoff is 0.25 inch or less in the driest parts of
the Great Basin and along the Colorado and San Juan Rivers. It
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rises to 2O inches or more in the highest mountains, especialy in the
Wasatch Range where it is as much as 40 inches in the highest part.
In the State as a whole it averages about 1.8 inches and the total is
about 7.3 bgd (8.2 million acre-feet per year).
The State receives water from the outside principally in the Colorado River and its tributaries. The Colorado River itself flowed an
average of about 4.4 million acre-feet per year at the Colorado-Utah
State line in the water years 1951-57 (U.S. Geol. Survey, 1960b,
p. 82-83). The Green near Linwood, Utah, brought'in about 1.4 million acre-feet per year in 1928-57, and Henrys Fork of the Green
at Linwood brought in an additional 56,000 acre-feet per year in the
same period, both from Wyoming. The Green flows generally eastward from Linwood, leaves Utah and enters Colorado, and, after
receiving the flow of the Yampa River, reenters Utah bringing in
about 3.4 million acre-feet per year. To the south the White River
as measured at Watson, Utah, brought in about 530,000 acre-feet per
year from Colorado in 1923-57; it discharges into the Green. A little
south of where the Colorado crosses into Utah the Dolores River as
measured near Cisco, Utah, brought in about 550,000 acre-feet per
year in 1950-57; it discharges into the Colorado. Finally, near the
southeast corner of Utah the San Juan River brought in about 2.0
million acre-feet per year from Colorado and New Mexico, as measured in 1914-57 at Bluff, Utah; the San Juan discharges into the
Colorado not far from the south edge of Utah.
The Bear River originates in Utah, crosses into Wyoming, back
into Utah, back into Wyoming and then into Idaho, and finally reenters Utah to discharge into Bear River Bay of Great Salt Lake.
It carries about 150,000 acre-feet per year \vhere it leaves Utah for
the second time, as measured in 1944-57 near Randolph, Utah, and
about 640,000 acre-feet per year where it reenters Utah, as measured
in 1944-57 near Preston, Idaho.
Surface water leaves Utah mainly in the Colorado River, which
in 1911-57 flowed an average of about 13 million acre-feet per year,
or 12 bgd, at Lees Ferry, Ariz. In addition to the flows described
above as entering the Colorado from outside the State, the Colorado
receives within Utah the flow of streams draining the east flank of
the Wasatch Range, the south flank of the Uinta Range (and a part
of the north flank which drains first into Wyoming), and the Colorado Plateaus the Duchesne, Price, San Rafael, Dirty Devil, and
Escalante Rivers. The Paria River drains a part of south-central
Utah and discharges into the Colorado just across the line in Arizona.
The only other sizable stream that leaves the State is the Virgin
River, which drains an area of a few thousand square miles in the
southwest corner of Utah and in 1929-57 flowed an average of about
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170,000 acre-feet per year as measured at Littlefield, Ariz. The Eaft
River and Goose Creek discharge much smaller quantities into Idaho.
Except for the drainage areas of the Virgin and Raft Rivers and
Goose Creek, western Utah west of the Wasatch front and the High
Plateaus is an area of internal drainage. Runoff in streams draining
the Wasatch and Uinta Ranges, principally the Weber River and
tributaries, tributaries of Utah Lake whose water emerges in the
Jordan River, and tributaries of the Jordan, enters Great Salt Lake to
join the water contributed by the Bear River from the north. The
Weber as measured in 1920-57 at Gateway, Utah, flowed an average
of about 420,000 acre-feet per year, and the Jordan as measured in
1913-60 near Lehi, Utah, an average of about 260,000 acre-feet per
year. The Sevier River drains a part of the High Plateaus area and
the south end of the Wasatch Range and discharges into the Sevier
Lake basin (the lake was dry as of 1962). As measured in 1911-57
at Juab, the Sevier flowed an average of about 170,000 acre-feet per
year. Many small streams, some intermittent, whose flow is not
measured drain the mountains within the Great Basin and dischargeeither over or under the surface to their own playas or to Great Salt
or Sevier Lake. Much of the surface flow and some of the ground
water is captured, but a large part of the water is lost at present.
The total flow of these streams is not known but is probably in
excess perhaps substantially in excess of 100,000 acre-feet per
year.
The greatest part of Utah is semiarid, and at present the land serves
principally for grazing and as a source of such runoff as originates on
it and is captured for productive uses. The following table summarizes
the land area by type and the consumptive use of water in each type,
in terms of percentage of the total precipitation (State Officials, 1960,
p. 354-355).
Type of land
Grazing land and watersheds
Arable but uncropped land, used for grazing
Dry-farmed land _ _
Irrigated land
Cities and towns, industrial sites _
Wasteland, National Parks and Monuments _
Water area. _

Percent of
total area

____
____
____
____
.._.
_.._
__._

81.7
2. 6
1. 1
2. 1
.5
9.0
3.0
100.0

Outflow in interstate streams

_ -

Water
C01 isumption
(per cent of total
pre cipitatiori)

72.
1.
1.
4.
.
6.
9.

1
9
0
6
2
4
5

95. 7
4. 3

100. o
Grazing land and watersheds and uncropped arable land account
for 84.3 percent of the area but consume a smaller proportion of the
precipitation, 74 percent. The difference represents runoff which
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supplies consumptive uses and which creates the difference between
the surface flow received by the State and that discharged from the
State. Irrigated land, which accounts for 2.1 percent of the area but
probably receives less than that percentage of the precipitation because it lies at low elevations, consumes water equivalent to 4.6 percent of the precipitation. Water areas, mainly the large lakes, when
at "normal" levels account for 3.0 percent of the area (as of 1962
Sevier Lake was dry and Great Salt Lake covered only half the area
covered as of 1950) and probably a much smaller percentage of the
precipitation, and consume 9.5 percent of the precipitation. To consume, or at least to get more use from, a part of the water now
evaporated from the lakes is one of the principal goals of future
water development in Utah.
According to the State (idem, p. 350), the irrigated area in 1959
was about 1,165,000 acres. Other sources gives different figures,
ranging from somewhat less to considerably more. Of the 1,165,000
acres, only 407,000 acres has an adequate supply at present according
to the State. An additional area of 1,429,000 acres would be suitable
for irrigation if water could be supplied. Utah by 1980 hopes to
irrigate some 57,000 acres of new lands and to provide supplemental
water to about 523,000 acres; the total water requirement would be
equivalent to that required for 228,000 acres of new lands. By the
year 2000 the expected totals are 203,000 acres of new land, 708,000
acres provided supplemental water, and a new-land equivalent of
446,000 acres (idem, p. 360).
As of 1959, total diversion needs as estimated by the State (idem,
p. 357), in millions of acre-feet per year, were 0.2 each for municipal
and industrial use and 5.0 for irrigation, a total of 5.4 (4.8 bgd).
The expected 1980 figures are 0.5, 1.0, and 5.5, for a total of 7.0
million acre-feet (6.2 bgd). Rural use is not included but is relatively
small.
These figures assume a full supply for all uses; the actual diversions
currently are less. As of 1960 (MacKichan and Kammerer, 1961b)
the total withdrawal use of water was as follows:
Fresh water
Surface water
Acre-feet
per year

Use
Public
Rural .
Industrial:
Total. _____
Public-utility
fuel-electric
power __
Irrigation _
Total.. _____
R71S1K fi

fi?t_

130, 000
9,700

Mgd
120
8.7

250, 000

230

86, 000
3, 400, 000
3, 800, 000

77
3, 000
3, 400

«!ft

Ground water
Acre-feet
per year

Total
Acre-feet
per year

11

240, 000
22, 000

Mgd
220
20

65, 000

58

320, 000

290

270, 000
460, 000

240
410

86, 000
3, 700, 000
4, 300, 000

77
3,200
3,800

110,000
12, 000

Mgd
100
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Saline Water
Industrial:
Total (none for
public-utility
fuel-electric
power)__-.-__

6,200

5.5

3,400

3.0

9,600

8.5

In addition to the quantities shown for irrigation, an estimated 750
mgd (840,000 acre-feet), mostly surface water, was accounted for by
conveyance losses between points of diversion and points of deli very
to irrigated cropland.
Figures on 1960 ground-water use compiled by H. D. Goode of the
U.S. Geological Survey (written communication, 1962) agree reasonably well with those of MacKichan and Kammerer except for irrigaiion. On the basis of more complete data, Goode estimates that 350
mgd (390,000.acre-feet) instead of 240 mgd (270,000 acre-feet) of
ground water was used for irrigation in 1960.
GROUND-WATEfl STUDIES

A substantial amount of effort has been devoted over a long period
of time to ground-water and related studies in Utah, largely by the
U.S. Geological Survey in cooperation with the State Engineer.
Other cooperators have included the cities of Salt Lake City and
Ogden, with which the first cooperative work on ground water was
done, and the Utah Water and Power Board, Utah Oil and Gas Conservation Commission, Utah Road Commission, University of Utah,
and several county and local agencies. Utah State University also
has made a number of studies, mainly in earlier years when the University was known as Utah State Agricultural College. Taylor and
Thomas (1936) describe ground-water investigations made up to
1936.
The greatest part of the Colorado Plateaus has not been described
in detail, but the southeastern part, where interest in ground water
currently is greatest and there is promise that substantial supplies
of ground water can be developed, is covered by several reports,
mostly rather generalized. Miser (1924) made a water-resources
reconnaissance of the San Juan River valley and vicinity. Gregory
(1938) made a geologic reconnaissance of the area north of the San
Juan and east of the Colorado, extending a little farther north than
the area covered by Miser, to about the 38th parallel, a little north
of Monticello. Additional information on a somewhat larger area is
found in an open-file report by Waring (1935) covering the area as
far north as 39°20' north latitude and east of about 110°30> west
longitude.
The area south of the San Juan River in Utah, Arizona, and New
Mexico the Navajo country is described in a reconnaissance report
by Gregory (1916). The same area is covered in a report by Harsh-
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barger and others (1953), and another report by Harshbarger and
others (1957) describes the stratigraphy of the uppermost Triassic
and the Jurassic rocks, which include the principal bedrock aquifers.
Small areas within the Colorado Plateaus are covered in several
reports. A report on the geology and coal resources of the Castle
Valley in Carbon, Emery, and Sevier Counties (Lupton, 1916) contains general information on water resources. Marine (1958, 1962a)
dfiscribes the ground-water resources of Bryce Canyon National Park
and Capitol Reef National Monument, respectively. Cooley and
Hardt (1961) describe the relation of geology to hydrology in the
Segi Mesas and vicinity, in Utah and Arizona south of the San Juan
River and east of the junction with the Colorado. Brown and others
(1949) describe ground-water conditions at Navajo Mountain, east
of the Rainbow Bridge National Monument.
Lofgren (1954a, b) describes ground-water possibilities in bedrock
in southeastern Utah and ground-water development from bedrock
in Utah as a whole. Goode (1958) describes aquifers in southeastern
San Juan County.
Thomas (1952b) describes a hydrologic reconnaissance of the
Green River in Colorado and Utah, made mainly to determine the
ground-water contribution to the river and to gather information as
a basis for estimating water losses in areas of cultivated and natural
vegetation in the few sizable tracts of alluvial valley floor, or "parks,"
along the river.
There is not much information on ground water in the Uinta Basin.
Thomas (idem, p. 12-13) describes the basin briefly. Thomas and
Wilson (1952) describe the Ashley Valley, the site of the city of
Vernal, and estimate the amount of water discharged by evapotranspiration. Goode and Feltis (1962) discuss the occurrence of ground
water as revealed by test holes and wells drilled for oil and gas in
the basin.
Most areal reports prepared to date relate to alluvial valleys in the
Great Basin or not far from its east edge the principal ground-water
areas of Utah. General background information on the Great Basin
is found in the first of the monographs of the U.S. Geological Survey,
that by Gilbert (1890) on Lake Bonneville.
The Cache Valley, along and south of the Bear River in western
Cache County, is described in a report of Utah State Agricultural
College (Peterson, 1946).
The East Shore area, a large and important area along the eastern
shore of Great Salt Lake between the mouths of the Bear and Jordan
Rivers, is described in several reports. The Weber basin area, between Farmington south of Ogden and Willard near the mouth of
the Bear River, is described in a summary paper by Feth (1954),
and a detailed report is in preparation. Dennis (1952) discusses re-
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charge of ground water in the southern part of the area, from Farmington to the mouth of the Ogden River just north of Ogden. The
Bountiful district at the south end of the East Shore area is covered
in a report by Thomas and Nelson (1948). Thomas (1949) describes
experiments on artificial recharge made by the city of Bountiful.
Smith (1961) presents data on selected wells in the East Shore area,
including water-level measurements and chemical analyses of water,
in the first of a series of basic-data reports duplicated for the open
file.
The Ogden Valley, in the mountains east of Ogden, contains an
artesian reservoir which is a principal source of public water supply
for the city of Ogden. Basic information on the geology and ground
Avater is found in a report by Leggette and Taylor (1937). Later data
are given in an open-file report by Dennis and McDonald (1944) and
a report by Thomas (1945). Thomas (1953b) describes the record of
an index observation well, with special reference to the effect on
artesian head and flow of wells of building the Pineview Reservoir,
the filling of which began in 1936. Lofgren (1955) presents new
information on the stratigraphy of the Tertiary and Quaternary
rocks of the valley.
South of and separated by a mountain spur from the East Shore
area is the Jordan Valley, in which Salt Lake City is situated. General information is found in an old report by Richardson (1906) on
the Utah Lake and Jordan River valleys. More comprehensive information is found in a later report by Taylor and Leggette (1949).
Lazenby (1938) describes experimental water spreading for artificial
recharge of ground water. I. W. Marine of the U.S. Geological Survey made a detailed study of the valley in 1956-60, and a report is
in preparation.
An old report by Carpenter (1913) contains a general description
of ground water in Box Elder and Tooele Counties. The Tooele
Valley, in east-central Tooele County separated by the Oquirrh
Mountains from the Jordan Valley to the east, is described in more
detail by Thomas (1946). Gates (1962) describes the hydrology of
Middle Canyon, in the Oquirrh Mountains just southeast of the city
of Tooele.
The Utah Valley, south of and nearly separated from the Jordan
Valley but in the drainage basin of the Jordan River, is the site of
Utah Lake, formerly covered by Lake Bonneville. Thomas (1953a),
in a section of a report on the geology of the northern part of the
Utah Valley, describes the water resources. In an earlier report
Taylor and Thomas (1939) had discussed artesian conditions in the
vicinity of Lehi, in the northern part of the valley. Thomas and
others (1952) describe deep Avater wells drilled at a steel plant near
Provo. S. S. Subitzky of the U.S. Geological Survey made a detailed
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study in the northern part of the valley, principally in 1958-60, and
a report is in preparation.
Meinzer (1911b) presents a general description of ground water
in Juab, Millard, and Iron Counties, a large area in west-central and
southwestern Utah interrupted by Beaver County. In an earlier report, Lee (1908) had described the water resources of the Beaver
Valley, in the eastern part of Beaver County between Millard and
Iron Counties.
The Sanpete Valley, between the Wasatch and San Pitch Mountains southeast of Utah Lake, is described by Kichardson (1907). In
a later report Redden (1936) presented general information on
ground water in Sanpete County.
The central Sevier Valley, along the Sevier Kiver in Sanpete and
Sevier Counties, is described in the previously cited report by Kichardson (1907) and is now being studied in detail. A brief open-file
report by Young and Carpenter (1961) describes ground-water development there.
The Sevier Desert is a large area northeast and east of Sevier
Lake. The Pavant Valley, an arm of the Sevier Lake basin at its
east edge, west of the Pavant Mountains, is described by Dennis and
others (1946). Underground leakage from artesian wells in the Flowell area in the western part of the Pavant Valley is discussed by
Livingston and Maxey (1944). K. W. Mower of the U.S. Geological
Survey made a study in the Pavant Valley in 1958-60 and a report
is in preparation; he is making a similar study in the main part of
the Sevier Desert.
A paper by Nelson and Thomas (1953) describes the creation and
disappearance of a cone of depression in the piezometric surface of
an artesian aquifer caused by pumping water in 1942-45 for the
Topaz War Relocation Center northeast of Sevier Lake and northwest of the towns of Deseret and Delta one of the few areas where
there has been an opportunity to study a whole cycle of pumping.
The Escalante Valey is a large alluvial valley extending northeastward from northwestern Washington County to south-central
Millard County. To the southeast are the Cedar City and Parowan
Valleys. Those two valleys and two districts in the Escalante Valley,
Beryl-Enterprise on the south and Milford on the north, are the
four principal areas of ground-water development in southwestern
Utah and are the subject of a considerable number of reports.
The Escalante Valley is described briefly by White (1932) in a
report the principal purpose of which was to develop a method for
estimating evapotranspiration from data on water-level fluctuations
in shallow wells. A more detailed description of the geology and
water resources is found in a later report by Fix and others (1950).
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The Cedar City and Parowan Valleys are described by Thomas and
Taylor (1946).
. Owing to the importance of the<--four principal district^ studies are
kept current and periodic progress reports are -prepared. A report
by Thomas and others (1952) describes conditions in those districts
and also in other principal areas the Pavant Valley; the Sevier
Desert in Millard County; the Utah, Jordan, and Ogden Valleys;
and the East Shore area. The four principal southwestern districts
are brought up to date in later reports by Waite and others (1954)
and Sandberg (1962). Nelson (1954) discusses pumping costs in the
four districts.
Waite and Thomas (1955) discuss the effect of the drought of
1949-54 on wTater supplies in the Cedar City Valley.
Reports of general interest include a planning-type report on
ground water by Dougall and Watson (1935), a report on the source
and disposal of the "water crop" in the Lake Bonneville basin (Utah
University Bureau of Economic and Business Research, 1953), a
progress report (Griddle and Peterson, 1949) and a final summary
report (Barrett and Milligan, 1953) on consumptive use of and requirements for water in the Colorado river basin, a similar report on
water requirements in the whole State (Roskelly and Criddle, 1952),
and a compilation of chemical-quality data on ground and surface
water in the State (Connor and Mitchell, 1958). Croft (1948) discusses the depletion of late-season water supplies by evaporation and
by transpiration of native vegetation, with special reference to Farmington Creek between Salt Lake City and Ogden.
Woolley (1946) describes cloudburst floods in Utah, in a report
which was one of the first to challenge the concept that floods and
soil erosion could be wholly prevented by soil-conservation practices.
(For additional information on floods in Utah, see U.S. Geological
Survey, 1957a; Berwick, 1962. For general information on flood
control, see Leopold and Maddock, 1954.)
Thomas and Wilson (1960) describe an interesting case of impending stream piracy where ground-water solution of limestone,
rather than headward erosion by streams, may divert an increasing
proportion of the underground outflow of Navajo Lake, on the
Markagunt Plateau east of Cedar City, from the Sevier River to the
Virgin River basin. Complete diversion may not occur for thousands
of years, however; in 5 years of observation there was no measurable
increase in the proportion of underflow traveling to the Virgin River
basin.
A considerable number of brief studies have been made to locate
stock-well sites on lands under the supervision of the Bureau of Land
Management and the Bureau of Indian Affairs (Snyder, 1962b). In
view of the general scarcity of data on the Colorado Plateaus and
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the undeveloped valleys of the Great Basin, where most of the wells
are located, this information is especially significant.
Available ground-water information is considered reasonably adequate for the East Shore area; the Ogden, Jordan, northern Utah,
and Tooele Valleys; the central Sevier Valley in Piute, Sevier, and
Sanpete Counties; and the Pavant, Escalante, Beaver, Parowan, and
Cedar City Valleys. Current effort is devoted mainly to the statewide observation-well program; the continuing study of the principal
pumping districts in southwestern Utah; water-level fluctuations in
the East Shore area; revaluations of ground-water conditions in the
Tooele and Pavant Valleys; studies of the central Sevier Valley,
upper Sevier Valley (Sevier River valley above Piute Reservoir and
Grass, or Otter Creek, Valley), and Sevier Desert; study of occurrence of water in bedrock as revealed by oil wells in the Uinta Basin;
and study of bedrock aquifers in the area northwest of the city of
Price on the Wasatch Plateau in western Carbon County and the
adjacent part of Utah County.
Continuing studies of the chemical quality of ground water in
areas where the ground-water resources are highly developed are
carried out in a statewide program in cooperation with the State
Engineer. In addition, limited studies of the quality of ground water
used for public supply hi the Salt Lake City metropolitan area are
being made in cooperation with the city, and studies of ground water
used in fish culture in the State are being made in cooperation with
the State Department of Fish and Game.
GROUND-WATER RESOURCES

Ground water is an important resource in Utah for the reason,
applicable in most other parts of the United States as well as in
Utah, that it is available where or when surface water is scarce or
unavailable or, for uses such as domestic supply or small to moderate
municipal and industrial supplies, at a lower cost than that of obtaining and treating surface water. The largest use of water in Utah is
that for irrigation. The principal supply, surface water, generally is
available in adequate quantities at the beginning of the irrigation
season; but by the latter part of the season the supply is commonly
inadequate, especially in the Great Basin where the surface water
available during the late summer is fully appropriated. Under such
conditions ground water, if available, forms a valuable supplementary source. Ground water is used also, of course, in areas where
surface water cannot feasibly be obtained, and it is available for use
in many other such areas where it is not used at all at present.
ALLUVIAL AQUIFERS

The principal ground-water resources of Utah are in its alluvial
aquifers, in the Basin and Range province and in tracts between
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mountain ranges or plateaus within the Rocky Mountains and Colorado Plateaus, mostly not far from the east edge of the Basin and
Range province. The principal areas in which there has been at least
some development to date are those named in the section on Groundwater studies: the East Shore area; the Cache, Ogden, Jordan,
Tooele, northern Utah, Sanpete, central Sevier, Pavant, Beaver,
Pa-rowan, and Cedar City Valleys; and the Milford and Beryl-Enterprise districts in the Escalante Valley.
The withdrawal of ground water in the Great Basin accounts for
nearly all the ground-water withdrawal in Utah. According to H.
D. Goode (written communication, 1962), the withdrawal in the
Great Basin in 1960 was about 490 mgd, or about 550,000 acre-feet,
of which 70 percent was used for irrigation and 30 percent for other
purposes.
Drought and heavy pumping during the 1950's combined to lower
water levels in some of the areas, especially in the southern part of
the State. Despite the lowered water levels in the Parowan and Cedar
City Valleys, these areas were considered capable of limited further
development as of 1960. In the Milford district the water levels
declined appreciably during the drought years of the 1950's, but in
years of above-average precipitation the water levels were stable or
rose. In the Beryl-Enterprise district, water is being mined, but
the rate of decline of water levels is about as was predicted by B. E.
Lofgren (in Fix and others, 1950). The estimated pumpage in the
four southwestern basins in 1955 and 1960 was as follows:
1955 pumpage

District
Milford- ________________________. _____
.._____
Beryl-EnterpriseCedar City Valley. ___ _ __
_______
Parowan Vallev _
_______

Acre-feet
40,000
51,000
16,000
13.000

Mgd

36
46
14
12

1960 pumpage
Acre-feet
46, 000
65, 000
18, 000
14, 500

The water level in a well near Fillmore in the Pavant Valley declined 36 feet from the end of 1950 to the end of 1960. That in a
well near Cedar City in the Cedar City Valley declined 20 feet in
the same period. That in a well near Milford declined about 18 feet
in 1951-60, and that in a well near Beryl about 20 feet in 1950-60.
Additional ground water is physically available (though for legal
or economic reasons not necessarily feasibly available) for further
development in all or parts of a considerable number of the alluvial
areas in the State. Among them, in general order, from north to
south, are the following: (1) the upper Bear River valley in eastern
Rich County; (2) the Bear Lake valley at the south end of Bear
Lake in northwestern Rich County; (3) the Cache Valley along and
south of the Bear River in northwestern Cache County; (4) the
lower Bear River valley in northeastern Box Elder County; (5) the
Blue Creek valley to the west; (6) a belt crossing from north-central
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Box Elder to southwestern Box Elder and northwestern Tooele
Counties northwest of Great Salt Lake including the Curlew Valley
at its northeast end, the Park Valley just to the southwest, and the
Grouse Creek Valley in the west; (7) the East Shore area in Box
Elder, Weber, and Da vis Counties; (8) the Ogden Valley in Weber
County; (9) the Morgan Valley in Morgan County; (10) the Jordan
Valley in Salt Lake County; (11) the Kimball Valley in western
Summit County; (12) the Heber Valley in Summit and Wasatch
Counties and the small valley to the south in which Wallsburg is
situated; (13) the Uinta Basin in Duchesne and Uintah Counties;
(14) the Tooele, Eush, and Skull Valleys in eastern Tooele County;
(15) the northern and southern parts of the Utah Valley, swinging
around the north, east, and south sides of Utah Lake, and the Cedar
and Goshen Valleys west of the lake; (16) large areas in the Sevier
Desert northeast of Sevier Lake in Millard, Juab, and Tooele Counties; (17) similar areas north and northwest of the lake, including
the Ivapah Valley in southwestern Tooele County and the Snake
Valley in western Millard County, both near the Nevada line, and
the Fish Springs and White Valleys in Juab and Millard Counties
to the east; (18) the Juab Valley in eastern Juab County; (19) the
Sanpete Valley in Sanpete County; (20) the central Sevier Valley
in Sanpete and Sevier Counties; (21) the Kound Valley in northeastern Millard County west of the north end of the central Sevier
Valley; (22) the upper Sevier Valley in Piute and Garfield Counties;
(23) the east Sevier Valley south of and the Grass (Otter Creek)
Valley north of the junction of Otter Creek and the East Fork of
the Sevier Kiver; (24) the Fremont River valley in western Wayne
County; (25) an area in eastern Wayne County extending a short
distance down the Dirty Devil River below its junction with the
Fremont River, as well as short distances up both rivers above the
junction; (26) the Preuss Valley southwest of Sevier Lake, extending into Beaver County, and the Wah Wah Valley to the south, at
the northwest side of the Escalante Valley; (27) an unnamed valley
across the Wah Wah Mountains to the west; (28) another unnamed
valley west of the Paiute Indian Reservation in southwestern Beaver
and northwestern Iron Counties; (29) the Beaver Valley in eastern
Beaver County; (30) the Cedar City and Parowan valleys outside
the areas of current heavy development; (31) possibly parts of the
Escalante Valley between the heavily pumped districts at the north
and south ends; (32) the Virgin River valley in southern Washington
County; and (33) another Kimball Valley, this one in southwestern
Kane County on the Arizona line.
In addition, at least a little water is present in many places in
alluvium along the major streams and their larger tributaries, even
in the Colorado Plateaus and in small basins in the mountains.
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Among the potentially most promising ground-water areas named
above are valleys in the Great Basin which are flanked by mountains
8,000 to 12,000 feet high. The mountains receive rather generous
precipitation, 16 to as much as 60 inches, and the annual runoff from
them may be as much as 1,500 acre-feet per year per square mile of
mountain area, or even more. Among the valleys are the Blue Creek,
Curlew, Grouse Creek, Cedar, Goshen, Rush, Skull, Juab, Fish
Springs, White, Ivapah, Snake, and Wah Wah Valleys and the unnamed valley across the Wah Wah Mountains west of the Wah Wah
Valley. These valleys are largely unstudied, and virtually nothing
is known of the amounts of ground water that might be available, or
of the quality of the water and its suitability for various uses.
Also capable of yielding considerable ground water are some of
the intermontane valleys in the northern part of the State, within
the Middle Rocky Mountains province. Among those where some
ground water has been developed are the upper Bear River valley
and the Ogden, Morgan, Kimball, and Heber Valleys. Of these only
the Ogden Valley has been studied in any detail.
In several of the alluvial valleys there are perennial streams from
which recharge might be induced by heavy pumping from nearby
wells. Although this procedure would help to maintain the groundwater supply, its effect on surface-water rights would have to be
considered; many of the streams that receive ground-water outflow
from the alluvium are fully appropriated. In some places, pumping
from wells would create storage space which might be filled during
the spring snowmelt, so that the effect of pumping on late-season
streamflow might be small or negligible.
These "watercourses" where streams and ground water are connected include the upper and lower Bear River valleys; the part of
the Cache Valley adjacent to the Bear River; the Green River Valley
where it runs along inside the southeast edge of the Hint a Basin and
the valleys of certain tributaries within the basin including Ashley
Creek, the Uinta River, the Lakefork River, and the Duchesne River
as far upstream as Duchesne and the Strawberry River from there
westward; the central Sevier Valley in Sanpete, Sevier, and Piute
Counties; the upper Sevier Valley in Piute and Garfield Counties
and the valleys of the East Fork and Otter Creek in Piute County
and a little of Garfield County; the Fremont River valley from a
little below Loa to the vicinity of the Capitol Reef National Monument; and the Virgin River Valley downstream from the Hurricane
Cliffs.
BEDROCK AQUIFERS

Known aquifers in consolidated rocks are much less extensive than
those in valley fill, and they have been developed on only a small
scale to date. The rocks of the Wasatch and Uinta Ranges and other
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mountains generally are of low permeability and of little significance
as aquifers.
Paleozoic carbonate rocks and Mesozoic sandstones in strips on the
north and south sides of the Uinta Mountains hold some promise as
aquifers, as known from the small amount of information available
to date. The strip on the north is a few tens of miles long and
lies in eastern Summit and western Daggett Counties. That on the
south is much longer, running from the general vicinity of the West
Fork of the Duchesne River in Wasatch County eastward along the
north edge of the Uinta Basin past Vernal in Uintah County, then
swinging southeastward and eastward south of the Dinosaur Canyon
National Monument and crossing into Colorado. The meager available data indicate that the water is of good quality in and near areas
of recharge but is saline where it lies at depth.
In the Colorado Plateaus, the rocks of Paleozoic and especially
those of Mesozoic age include some sandstone and limestone strata
that yield water to wells. The principal difficulty is that the plateaus
are deeply dissected and the water lies at great depth except locally.
Also, recharge conditions are generally unfavorable because the
aquifers are covered by rocks of lower permeability through which
water can percolate downward only very slowly. The exposures of
most of the water-bearing strata are in the walls of canyons and
are areas of discharge, not recharge.
On the basis of present knowledge the principal large area holding
some promise is in the southeastern part of the State, in San Juan
County generally south of the La Sal Mountains and east of the
Abajo Mountains, Elk Ridge, and the Natural Bridges National
Monument. Not much detailed information is available; general
information is given in brief reports by Lofgren (1954a, b) and
Goode (1958). The southern part of the area is more promising
than the northern. The principal aquifers, from the top down, in
that part of the area are the Dakota Sandstone of Cretaceous age;
the Bluff and Entrada Sandstones of Jurassic age; the Navajo
Sandstone of Jurassic and, possibly in the lower part, Triassic age;
the Wingate Sandstone and the Shinarump Member of the Chinle
Formation, of Triassic age; and the DeChelly Sandstone Member
of the Cutler Formation, of Permian age (Goode, 1958, fig. 6). The
potentially most important are the Entrada and Navajo Sandstones
because they underlie the largest tracts and, though they lie at depths
of more than 1,000 feet in much of their extent, they yield water of
good quality under sufficient pressure to rise to moderate depths
below the surface and, in some valleys, to flow.
Lofgren (1954b) mentions several areas of interest both within
and outside the area described by Goode. Flowing wells in the
vicinity of Bluff on the San Juan River in southern San Juan County

880

ROLE OF GROUND WATER IN NATIONAL WATER SITUATION

yield water from the Wingate Sandstone and the Shinarump Member
of the Chinle Formation. Some of the wells are more than 50 years
old. Wells 400 to 600 feet deep in the Montezuma Creek canyon some
miles east of Bluff yield flowing water, principally from the Entrada
and Navajo Sandstones; yields have been as high as 400 to 500 gpm
initially but .have dropped off to 100 gpm or less.
In the Sage Plain area east of Monticello in San Juan County,
shallow wells obtain water from thin alluvium and the upper part
of the Dakota Sandstone below. Similar supplies have been developed
in the vicinities of La Sal and Blanding in San Juan County and
of Moab in Grand County (Lofgren, 1954a, p. 107). A deep oil
test about 13 miles east of Monticello is reported to have tapped
large quantities of artesian water at several horizons.
An oil test drilled about 12 miles east of Salina in Sevier County
yielded flowing water, reportedly, from the Blackhawk Formation of
Late Cretaceous age, at a depth of less than 560 feet.
Several wells in the northern part of the Wasatch Plateau yield
flowing water from the Blackhawk and Price River Formations of
Late Cretaceous age and the North Horn Formation of Late Cretaceous and Paleocene age. Wells drilled near Colton in Utah County
obtain flowing water from the North Horn Formation, which was
penetrated at 685 feet; one well was bottomed at 1,540 feet in the
North Horn and flowed about 400 gpm. Colton, in southernmost
Utah County, is in the northern part of an area in Carbon and
Utah Counties, northwest of Price, now being studied.
Wells yield enough water for irrigation from jointed or fragmental basaltic rocks in areas west of the town, of Loa in Wayne
County and west of Kanosh in Millard County. The wells near Loa,
which flow, are near some springs long used by ranchers, and withdrawing water from the wells reduces the flow of the springs proportionately ; the total flow of the springs and wells is reported to be
about 2,000 gpm.
The wells near Kanosh yield large quantities of unconfined water
from lava rocks. The lava rocks are interbedded with alluvium,
which extends over a large area and apparently has a substantial
undeveloped supply.
A few scattered wells in northern Utah and southern Idaho obtain
moderate quantities of water of good quality from basalt flows- interbedded with alluvium. Doubtless many similar supplies will be
discovered in the future.
PROBLEMS

Perhaps the most important problem related to water resources
in Utah is lack of certain categories of hydrologic information as a
basis for planning the conservation and additional development of
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water that will be necessary to meet future needs. This problem is
taken up briefly in a following section.
There are a number of specific water problems, which are discussed
below by major areas.
GREAT BASIN

In the Great Basin the surface water now available at the time of
greatest need in summer is fully appropriated. Nevertheless, damaging
floods, including destructive mudflows, frequently occur during the
summer. These result mainly from thunderstorms, which can occur in
any month of the year but are most numerous in the summer. In 190438 thunderstorms occurred on an average of 35 days per year at Salt
Lake City, and four-fifths of them came in May-September, inclusive
(Woolley, 1946, p. 41; Berwick, 1962). There is occasionally some
flooding in the spring, when flows released by snowmelt may exceed
the storage capacity of existing reservoirs and the channel capacity
of streams in the lowlands (U.S. Geol. Survey, 1957a, p. 578-614).
In spite of inadequacy of present surface-water supplies to meet
present and expected future demands in developed areas, there is
considerable waterlogging of low ground as a result of irrigation,
locally aggravated by upward seepage of artesian water. There is
also some waste of water from flowing wells, and considerable discharge by evapotranspiration in areas of low-value phreatophytes
including saltcedar, salt grass, willows, grease wood, and rabbitbrush.
Salt water is a problem in large areas in the Great Basin, where
large supplies of ground water may be available but the water is too
salty for use, or may become so as a result of encroachment from
saline playas if wells tapping water near the edge of the fresh-water
zone are pumped too heavily. Of course, some of the saline water
could be used if economical conversion methods could be developed.
There is some pollution of surface water by municipal wastes.
There may be local pollution of ground water also, but no specific
cases have been documented. Because large supplies of surface water
cannot be made available for diluting wastes during the summer
period of greatest demand and lowest streamflow, emphasis must be
placed on adequate treatment of wastes before they are discharged.
The Water Pollution Control Act of 1953, and "The Standards of
Quality and the Regulations for Water Classification" adopted by
the State Water Pollution Control Board in 1954, have resulted in
a reduction of pollution in many places.
As stated previously, ground water is highly developed in the
Pavant, Parowan, and Cedar City Valleys and the Milford and
Beryl-Enterprise districts in the Escalante Valley. In these and
other areas of heavy pumping, application of the ground-water law
of 1935 has slowed the increase in pumping and has prevented the
heavy pumping during drought periods from having more serious
effects.
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COLORADO PLATEAUS

Little ground water is used in the Colorado Plateaus at present,
and one principal problem is lack of information that would make
additional development possible. Another is the great depth to water
in much of the Plateaus, and still another is the absence in some
areas of productive fresh-water aquifers at any depth. Shallow
sources of ground water are not numerous or widespread, and replenishment from precipitation or by infiltration from intermittent
streams may be uncertain.
On the whole, ground-water problems, other than those related to
scarcity of water or difficulty in obtaining it, are few because groundwater development is small.
ROCKY MOUNTAINS

As defined the Middle Rocky Mountains province includes the
intermentane basins east of the Wasatch front. The larger basins
have appreciable ground-water supplies. The surrounding mountains
have litle ground water, except in small springs and in alluvium
along the larger streams. The principal valleys are the upper Bear
River valley, the Bear Lake valley, and the Ogden, Morgan, Kimball,
and Heber Valleys. There are no critical ground-water problems at
present in any of these valleys, or elsewhere in the province; however,
proposed ground-water developments, such as those in the Bear
River valley, may involve problems of competition with uses of
surface water.
PROSPECTS AND NEEDS

Needs related to water in Utah can be listed in three principal
categories: for additional hydrologic information; for corrective
measures to solve existing problems based, of course, on good hydrologic information much of which is not yet available; and for development of additional water to meet expanding needs.
HYHROLOGIC INFORMATION

Surface-water data are inadequate for many areas where additional
development is likely. The needs are perhaps most critical in the
Great Basin, where gaging of ephemeral streams would be helpful
in assessing the amount of natural ground-water replenishment and
the possibilities of surface storage for direct use or for artificial
recharge of ground water. Data on the flow of the principal streams
in the Colorado Plateaus, including the Uinta Basin, and the mountains are more nearly adequate but could be better. Data on frequency
and magnitude of cloudburst floods from small drainage areas are
urgently needed for the design of structures that cross stream
channels.
Data on chemical quality of water are inadequate for large parts
of the State, again especially for the Great Basin. West of the
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Wasatch front, water in the streams flowing from the mountains
and in the aquifers recharged by those streams is of generally good
quality, but more data are needed to assess the possibilities of coordinated use of surface and ground water. For the area east of the
Wasatch front more data have been collected, but much more information is needed to resolve local problems.
Data on sediment transported by streams are lacking for most of
the State. Some long-term records of suspended sediment carried
by the Colorado River and its major tributaries have been collected
by the U.S. Geological Survey in connection with the planning of
reservoir construction. However, information on concentration, load,
and particle sizes of suspended sediment and on particle-size distribution of "bed load" is lacking for most of the smaller streams in the
eastern part of the State and for all the streams in the Great Basin.
Reasonably adequate ground-water studies have been made in only
a few areas, principally the alluvial valleys where ground water: is
heavily pumped. Areas where past or current studies have produced
substantial information were named in the section on "GroundWater Studies."
Ground-water information is needed chiefly at present in the
Great Basin, where there are promising areas for future development
but where, except for the few valleys that have been studied in
detail, little information is available and reconnaissance studies are
badly needed to obtain some sort of rough estimates of potentialities.
The principal valleys indicated by the meager existing information
to be most promising were named in the section on "Ground-Water
Resources."
There is a great need for ground-water information in the Colorado Plateaus also. This area is one in which the potential for irrigation is relatively low but in which there are encouraging prospects
for industrial development. Fortunately, the oil "boom" of recent
years and test drilling for uranium and potash have yielded and are
yielding much valuable information on the occurrence of ground
water. Thorough study of the data made available in this way, supplemented by local test drilling and pumping tests in critical areas,
will make it possible to assess the ground-water potentialities in
broad areas.
Though the withdrawal of ground water in the intermontane
basins of the Rocky Mountains is on a generally small scale and the
principal problem is the need to consider potential interference
between surface-water and ground-water developments, detailed
studies of these basins will be needed as development increases.
In Utah, as throughout the West and to a lesser extent in the rest
of the country, there is a need for information on both principles and
local possibilities of salvaging losses that occur by evaporation from
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soil and water bodies and by transpiration of native vegetation, of
increasing precipitation artificially, of managing watersheds to
increase water yield, and of converting saline water.
CORRECTIVE MEASURES

Surface-water irrigation has caused waterlogging of some areas
where drainage is inadequate because the elevation is low or the subsoil is of low permeability. Seepage of water from irrigation canals
and upward seepage of artesian water, as well as direct application
of water to the fields, have contributed to the waterlogging. There
appears to be a need in places for conservation measures which might
lead to recovery of water that could be used to irrigate additional
land, or for other purposes. The measures might include lining of
canals, eradication of water-loving plants along the canals, more conservative application of irrigation water, and installation of drainage
structures. The effect of conservation measures on quality of water
will have to be watched; in some places liberal application of water
is the only practical way to keep the soil flushed of excess soluble
salts.
There is considerable waste of water by evapotranspiration in areas
of low-value phreatophytes in addition to the banks of canals. One
of the principal such areas is the central Sevier Valley, where it is
planned to develop ground water to salvage some of the water,
perhaps to the extent of 30,000 or 35,000 acre-feet per year.
There is also, of course, large discharge by evaporation from Great
Salt, Utah, Bear, and other lakes; from ephemeral lakes and dry
lakes such as Sevier Lake in the Great Basin; and from artificial
reservoirs (of which there are still only a few sizable ones in the
State). A part of the water discharged could be saved by reducing
surface and subsurface inflow to the lakes and making use of the
water so salvaged, or by reducing evaporation by applying chemical
films. Attempts to salvage water now evaporated require consideration of both economic feasibility and possible adverse effects on other
uses to which the water bodies are put.
Waste of water from flowing wells can be controlled through the
State ground-water law, which defines beneficial use as the "basis,
the measure, and the limit" of a right to use water. As in other
States where there is such waste, the most effective enforcement
comes through education rather than drastic action to shut off the
flow of wells a part of whose water serves a useful purpose.
Floods on the principal streams in the Colorado Plateaus will be
reduced systematically as development of the water resources of the
upper Colorado River basin proceeds. Erosion is a serious problem
in some areas of easily erodible rocks in which precipitation is inadequate to maintain a protective cover of vegetation. Soil-conservation
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practices can reduce this hazard in part but cannot eliminate it
altogether.
Cloudburst floods and mudflows from small drainage areas, especially along the steep Wasatch front, can never be eliminated entirely,
but as human occupancy of low ground continues and the value of
water increases it will become progressively more feasible to attack
the problem at least in some areas, by construction of reservoirs,
spreading grounds, and other facilities.
ADDITIONAL DEVELOPMENT

Substantial additional supplies of both surface and ground water
remain for further development in Utah. In general terms, the water
will be developed mostly by salvaging existing losses, exploring for
and pumping additional ground water, and storing additional surface
water. These three phases are closely interconnected: pumping of
additional ground water, and storage and use of additional surface
water, will be accompanied, to the extent of consumptive use, by
decreases in natural discharge within the State or outflow from the
State, as well as by changes in the quality and thus in the usability
of the water.
A number of Federal reclamation projects have been built in Utah.
Two large reservoirs are now under construction, Lake Powell to be
formed by the Glen Canyon Dam on the Colorado River a few miles
below the Utah line in Arizona, and the Flaming Gorge Reservoir
to be formed by a dam on the Green River in Daggett County. These
two are the principal elements in the upper Colorado River storage
project in Utah. Together with smaller existing or proposed reservoirs they are expected to provide the basis for an increase in the
consumptive use of Colorado River water in Utah from about 650,000
acre-feet per year as of 1959 to 1,750,000 acre-feet per year eventually (State Officials, 1960, p. 349). A considerable part of the new
water is proposed for diversion, under the Central Utah project, to
the Great Basin, where it will help to maintain and increase the
currently available water supplies.
Utah has already done much on its own to develop additional
water. Indts report to the Senate Select Committee, the State (idem,
p. 350-351, 358-359) lists 126 projects for development or salvage
of surface and ground water which had been completed or started
since 1947 in 28 of the State's 29 counties. The total cost was about
$6 million, paid in part by the sponsoring companies or associations
and in part from a State revolving fund. According to the State,
the projects have resulted in "an annual saving, or reservoir water
yield, of 163,948 acre-feet," and' they provide water for about 19,000
acres of new land and supplemental water to about 315,000 acres of
land already under irrigation.
6(71316 O 63 57
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By 1980 new State and Federal projects are proposed to add a total
of 2,134,000 acre-feet of storage, exclusive of Utah's share of the
major Colorado River project, and to provide water for about 57,000
acres of new land and supplemental water for 523,000 acres of old
land a total "new land" equivalent of 228,000 acres. By 2000 the
corresponding totals would be 3,257,000 acre-feet of storage, 203,000
acres of new land, 708,000 acres of old land, and a new-land equivalent
of 446,000 acres.
These totals represent a very substantial potential increase in the
State's economic base as it depends on irrigation. The "diversion
need" for irrigation as of 1959-60 wras estimated by the State at 5
million acre-feet per year. This is more than the withdrawal use of
3.7 or 3.8 million acre-feet cited previously (p. 869-870) because it
assumes a full water supply, not now available to all lands at all
times, and it includes water later charged to conveyance loss, whereas
the figure 3.7 or 3.8 million is for "water applied." The estimated
diversion need for 1980 is 5.5 million acre-feet (idem, p. 357). This
represents an increase of about 10 percent over 1959.
Percentagewise, industry is expected to grow much more than
irrigation. The 1959 requirement was estimated at about 0.2 million
acre-feet, and that for 1980 at 1.0 million, an increase of 400 percent.
Similarly, the municipal requirement is expected to rise from 0.2 to
0.5 million acre-feet per year by 1980.
Ground water can meet a substantial share of Utah's increasing
water requirements, but only if the requisite hydrologic knowledge
is acquired. In most areas additional studies will be needed before
substantial additional development can be attempted safely, even
though it can be concluded that in many of the areas some additional development is feasible.
In the heavily populated areas along the Wasatch front, appreciably more ground water is available than is now being used, but large
additional withdrawals would affect springs and flowing wells now
used for water supply. Under court decisions as recent as 1959,
it has been held that a prior appropriator is entitled to protection
of the flow of his well, and that later appropriators who decrease or
stop his flow must pay the attendant costs. Such decisions have the
effect of preventing maximum use of the storage capacity of aquifers.
In maximum-scale development of ground water, the water level is
drawn down in dry periods and allowed to recover in wet periods.
If the water must be obtained by natural flow, the aquifers remain
full and only a small part of their storage capacity is utilized.
Withdrawing ground water may decrease the flow of streams on
which there are senior appropriative rights, and this factor will have
to be considered in developing additional ground water from "water-
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courses," as well as from basins which are not watercourses but from
which there is-subsurface outflow that supports the flow of fully
appropriated streams. This problem exists in the basins within the
Rocky Mountains in the northern part of the State the upper Bear
River valley and the Ogden, Morgan, Kimball, and Heber Valleys.
It exists also in the Sevier River valley, where there is large groundwater storage but where ground-water outflow helps to support surface flows appropriated downstream for irrigation.
Obviously, therefore, some modification in existing laws, as interpreted in recent decisions, may be needed if there is to be full development where ground water and surface water are interconnected.
In the many "dry" valleys of the Great Basin this problem is not
involved to any great extent. Recovery of ground water will simply
decrease natural discharge which is now serving no beneficial purpose, and it may actually increase replenishment in some valleys
when the water table in the recharge areas is lowered, creating
storage space that will absorb a greater proportion of the intermittent
streamflow than is absorbed under natural conditions.
The Uinta Basin has some promise for ground-water development.
The available surface-water and quality-of-water data, though not
yet adequate, could serve as a basis for very rough estimates of
ground-water potential. Quality of water will be a limiting factor, both
in shalloTVkaquifers recharged by irrigation water and in deep aquifers
in which circulation of water is slow. The legal problem imposed by
interconnection of ground water and surface water exists, but not to
the extent that it does, for example, in the heavily developed areas
along the Wasatch front.
In summary, it can be said that Utah's water resources, though
not lauge, ore adequate to support substantial additional development.
VERMONT
Large w£ter resources and relatively small water demand. Precipitation from
about,32.dnches in Champlain Valley in northwest corner to 60 inches or more
in higher parts of Green Mountains in south; averages about 41 inches.
^Runoff from as little as about 12 inches in Champlain Valley to 40 inches or
more in parts of southern Green Mountains; averages about 23 inches for total
of about 10 bgd. State receives little water from outside, but Connecticut
River runs along east edge.
Ground water in fractured crystalline bedrocks, mostly in small quantities
but locally, in Champlain Valley and New England Upland, in moderate
quantities in solutionally enlarged fractures in carbonate rocks. Bedrocks
covered by glacial drift; till yields small supplies; stratified drift yields
moderate to large supplies along some of larger streams and is principal
present and potential source for large supplies. Springs numerous and widely
used for water supply.
Water use modest in relation to overall resources. Withdrawal use in
1960, all fresh water, was about 110 mgcl 24 mgd surface water and 8.1 mgd
ground water for public supply, 3.7 and 10 mgd for rural supply, 54 and 9.1
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mgd for industry including 29 mgd surface water for public-utility fuel-electric
power, and 0.72 and 0.03 mgd for irrigation. Hydropower use 18 bgd.
Water problems include floods and stream pollution; both are under active
attack but considerable work remains to be done. Water locally unavailable
in needed quantities except at substantial cost. Hydrologic information,
especially on ground water, greatly inadequate as basis for future planning
and development.

Vermont is a small State of large water resources and relatively
small population and water demand. In total and per square mile
of area the water use is the smallest among the New England States,
whereas the supply is one of the largest. Nevertheless, some problems exist and will not be easy to solve.
The State is in the Glaciated Appalachian ground-water region and
in the New England, St. Lawrence Valley, and Valley and Ridge
physiographic provinces as defined by Fenneman and others (1946).
The eastern part of the State is in the New England Upland section
of the New England province, which is similar to the Piedmont of
New York and States to the south. Running north-south approximately through the middle of the State is the Green Mountain section.
To the west in the southern part of the State is the Taconic section
and, about at the middle of the west edge, a narrow strip of the Hudson Valley section of the Valley and Ridge province. To the north
along the west edge of the State is the Champlain section of the
St. Lawrence Valley province.
As described by Jacobs in the 20th Report of the State Geologist
(p. 72), the State falls naturally into five physiographic divisions.
On the west is the Vermont Lowland, which in its northern part
includes the Champlain Valley and in its southern is divided into
two parts by the Taconic Mountains. The narrow western part is
the Hudson Valley section; the eastern is the Vermont Valley, separating the Taconic and Green Mountains. The Green Mountains run
the length of the State, in the north adjoining the Champlain Valley
and in the south, the Vermont Valley. Finally, on the east, is the
Vermont Piedmont.
The Vermont Lowland is underlain by rocks of early Paleozoic
age which are predominantly limestone, dolomite, and marble but
include slate and quartzite. Thrust faulted over these rocks from
the east are the predominantly argillaceous rocks slates and schists
of the Taconic Mountains and the schists, gneisses, phyllites, quartzites, and marbles of the Green Mountains. The rocks of these "overthrusts" are older than those of the lowland but are believed to
include many rocks of early Paleozoic age, as well as Precambrian
rocks (idem, p. 110, 115-118).
East of the Green Mountains is the Piedmont, underlain by folded
and metamorphosed rocks, largely of early Paleozoic age, in which
limestone and marble predominate but which include belts of phyllite,
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slate, schist^ and gneiss and large bodies of intrusive rocks. The
intrusive rocks include large bodies of granite in Essex County in
northeastern Vermont and of the less quartzose rock called "syenite,"
which forms Mount Ascutney near the Connecticut River in Windsor
County. Mount Ascutney is a "monadnock" a mountain of resistant
rock standing above an erosional plateau underlain by less resistant
rocks. There is a Mount Monadnock in Essex County, also formed
by'syenite, but the principal mountain bearing that name is in
southwestern New Hampshire and gave its name to the type.
Mantling the consolidated rocks in all but small areas is glacial
drift, thin in the uplands and thicker in the lowlands. That in the
uplands is predominantly unsorted till; that in the lowlands includes
till, generally lying on bedrock, and stratified drift including gravel,
sand, silt, and clay. The principal deposits of stratified drift are
shown on a small-scale map in a report by Perkins (1905, p. 65).
The largest area is in the Champlain Lowland, but the deposits
there are largely clay and silt, having been deposited in ponded
water. Stream deposits, which include permeable sand and gravel,
lie along the Connecticut River and its tributaries (from north to
south) the Passumpsic, Waits, White, Black, Williams, Saxtons, and
West Rivers; along tributaries of Lake Champlain including the
Lamoille and Winooski Rivers, Otter Creek, and the Poultney River;
and along a short stretch of the Hoosic River, a tributary of the
Hudson, where it crosses the southwest corner of the State.
There is an area of especially thick drift in north-central Vermont,
mostly in Washington, Lamoille, and Orleans Counties.
Information on precipitation and runoff is given by Knox and
Nordenson (1955). The average annual precipitation is as little as
about 32 inches in the Champlain Valley in the northwest corner
of the State. It increases eastward and southward, being 60 inches
or more in the higher parts of. the southern Green Mountains. It is
mostly about 40 inches in the Piedmont. It averages about 41 inches
in the State. The runoff is as little as 12 inches in the Champlain
Valley. It also increases eastward and southward. It is 30 inches
or more in the southern two-thirds of the Green Mountains, and is 40
inches or more in the highest parts. It averages about 23 inches in the
State, a rate not far from 3 times the national average. It totals
about 10 bgd.
Vermont receives little water from the outside, but it has access
to the Connecticut River, which flows along the entire east edge.
At the station at North Stratford, N.H., about 25 miles south of the
northeast corner of Vermont, the flow in 1930-57 averaged about
1 bgd (U.S. Geol. Survey, 1960b, p. 84-85). The flow at Vernon,
Vt., a few miles above the Massachusetts line, in 1944-57 averaged
about 7 bgd.
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Kunoff from western Vermont discharges into Lake Champlain
except on the south, where Batten Kill and the Hoosic Kiver carry
water from western Bennington County to the Hudson River.
Withdrawal use of water in Vermont is on a modest scale. The
total in 1960, 110 mgd, was the smallest for any of the 50 States.
The next smallest totals were the 170 mgd of North Dakota and the
200 mgd of Alaska.
All the water used in Vermont was fresh. Uses included 24 mgd
of surface water and 8.1 mgd of ground water for public supply,
3.7 and 10 mgd for rural supply, 54 and 9.1 mgd for industry including 29 mgd of surface water for public-utility fuel-electric power,
and 0.72 and 0.03 mgd for irrigation. The use for hydropower was
about 18 bgd.
GROUND-WATER STUDIES

Little study has been made of ground water in Vermont; the available publications on the subject are brief and generalized. There is
a stream-gaging program in cooperation with the Vermont State
Water Conservation Board, but no cooperative studies of ground
water or quality of water are underway.
A good description of the bedrock geology is found in a report by
E. C. Jacobs, former State Geologist, in the 20th Report of the
State Geologist, for 1935-36. In the 21st Report, for 1937-38, Jacobs
describes in some detail the geology of the northern Green Mountains.
Very brief descriptions of ground water in Vermont are found in
U.S. Geological Survey Water-Supply Papers 102 and 114 (Perkins, 1904,1905). The 1905 report contains a small-scale map showing
deposits of water-bearing glacial drift. Similar brief descriptions
of ground water in the Fort Ticonderoga and Taconic quadrangles
are found in Water-Supply Paper 110 (Dale, 1905; Taylor, 1905).
The Fort Ticonderoga quadrangle lies in Rutland and Addison Counties in Avest-central Vermont and adjacent Essex, Warren, and
Washington Counties, N.Y. The Taconic quadrangle lies in Bennington County in southwestern Vermont and adjacent Rensselaer County,
N.Y., and Berkshire County, Mass. Together the parts of the quadrangles in Vermont cover perhaps a thousand square miles.
Water-Supply Paper 144 (Jackson, 1905) describes the normal
distribution of chloride in water in New York and New England and
includes some information on Vermont.
A report by Brashears and others (1949) describes public water
supplies in New England obtained in whole or part from the ground,
including 18 systems in Vermont.
Lohr and Love (1954a) describe the sources and chemical quality
of public water supplies in the larger towns and cities in the eastern
United States. Described on pages 557-562 of that report are the
systems of the largest 10 cities in Vermont.
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A paper by Chapman (1938) discusses the origin of Brunswick
Springs, which emerge from glacial kame-terrace deposits along the
Connecticut River about 40 miles southeast of Newport. A short
open-file report by MacDonald (1953) discusses the availability of
ground water for use at the Federal Fish Cultural Station at St.
Johnsbury.
As in New Hampshire, the paucity of information on ground
water reflects the general abundance of water and the small population and water demand. Some prospects for future water use and
management have been outlined through the work of the New
England-New York Interagency Committee (1957), though the
Committee's report is more an inventory of known resources than a
planning document. The Northeastern Resources Committee has carried on the activities begun by the Interagency Committee, and has
proposed to set up a planning project. A general study of ground
water in Vermont and detailed studies in areas of present or potential
substantial pumping, as well as much additional information on
surface water and quality of water, will be necessary before more
than very generalized planning can be undertaken.
GROUND-WATER RESOURCES

Little can be said in detail about Vermont's ground-water
resources. The bedrocks commonly yield only small to moderate
quantities of water to wells, but in the inhabited areas these supplies
are generally adequate for domestic needs. The drilled well penetrating bedrock is gradually replacing the familiar shallow dug well
in glacial drift, which is vulnerable to both drought and pollution.
The carbonate rocks of the Vermont Lowland and the Piedmont
yield supplies that are generally larger than average for bedrock.
Several wells in the vicinity of St. Johnsbury had yields averaging
a few tens of gallons per minute and reaching a maximum of 50 gpm
(MacDonald, 1953, p. 6). Very likely larger yields have been obtained
in some places, and there may be areas where the carbonate rocks
will yield several hundred gallons per minute.
The largest supplies are those available from sand and gravel in
the stratified drift. Only a few records of large-capacity wells are
available, and n<ost of these municipal and industrial wells are
pumped at rates of no more than a few hundred gallons per minute.
There is no doubt, however, that supplies of 1,000 gpm or more
could be obtained in many places from properly constructed wells
penetrating stratified drift along the larger streams.
Springs are an important source for municipal and industrial as
well as rural domestic supplies. The sources us^d for the largest 10
cities, i-s listed by : johr and Love (1954, p. 557-5'32), were as follows:
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Population
(1950)

City

Barre_ ______________

10,922

Bennington__________
Brattleboro__________
Burlington_________
Montpelier. _________
Newport._-___----_Rutland-___------__St. Albans___________
St. Johnsbury________
Winooski _ _ ________

8, 002
9, 606
33,155
8,599
5, 217
17,659
8, 552
7, 370
6, 734

Source

Spring-fed brooks 80 percent, springs 20
percent.
Springs.
Sunset Lake and spring (North Pond).
Lake Champlain.
Lake.
Derby Pond 84 percent, 1 well 16 percent.
Mendon Brook.
Brooks and springs.
Stiles Pond; 1 well for emergency use.
Three wells.

Both ground water and surface water are of generally good chemical quality. Of the waters supplied to the 10 cities listed, only 2
exceeded 100 ppm in dissolved solids and hardness; all the others
contained 83 ppm or less of dissolved solids and had hardnesses of
74 ppm or less.
PROBLEMS, PROSPECTS, AND NEEDS

Water problems include floods, stream pollution, local inadequacy
of supply, and the need to collect hydrologic information as a basis
for intelligent decisions as how best to conserve water or obtain
additional supplies. More detailed ground-water information is essential as a basis for such decisions, for ground water commonly has
been overlooked as a possible source of moderate to large supplies,
for which surface water has been tacitly assumed to be the only
possible choice.
Floods are a rather common problem, when there is unusually heavy
rainfall or rapid melting of snow. Vermont is spared the tidal
flooding of lowlands experienced by coastal areas as a result of
hurricanes, but as elsewhere in New England some of the greatest
floods have resulted from rainfall associated with hurricanes. Half
a dozen flood-control reservoirs have been completed or are under
construction in the State and provide a substantial degree of protection in the downstream areas, not only in Vermont but also in
Massachusetts and Connecticut. Additional reservoirs are needed,
however. Plans described in the report of the New England-New
York Interagency Committee (1957, p. 30) call for an additional
1,210,000 acre-feet of flood-control storage in 27 reservoirs in the
Merrimack, Thames, Connecticut, and Black River basins and for
modification of 3 reservoirs in the Lake Champlain basin. Some
of these reservoirs would be in Vermont.
Pollution of streams and reservoirs creates some problems, in regard
not only to water supply but also to recreation, the State's largest
industry. An active pollution-control program sponsored by the
State Water Conservation Board has made important accomplishments, but much remains to be clone. More than $5 million was
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voted for construction of sewage-treatment plants and intercepting
sewers in 1958-59, a substantial total in a State of less than 400,000
people (State Officials, 1960, p. 361).
Irrigation is still on a small scale. It will undoubtedly increase
as its advantages in supplementing rainfall for safeguarding or
increasing crop yields are realized, and eventually it may lead to
some competition for available late-season supplies from streams.
An average of only 30,000 gpd from ground-water sources was used
for irrigation in 1960. This use is likely to increase substantially
percentagewise but probably will not be great for some decades
to come.
Vermont supports the interstate-compact approach to the solution of major problems. In addition to its participation in the work
of the Interagency Committee and the Northeastern Resources Committee, it is a participant in the New England Interstate Pollution
Control Compact and the Connecticut River Flood Control Compact.
VIRGINIA

Moderately large surface-water supply and use; generally small to moderate
and locally large ground-water supply and moderate ground-water use.
Precipitation from 30 inches or a little more in a small area in northwest
to about 58 inches in southern Blue Ridge; mostly above 40 inches and averages about 43. Runoff from about 10 or 11 inches in east to 20 inches or a
little more in parts of southwest; averages about 15 inches for total of 26 bgd.
State receives little water from outside except in Potomac River along northeast border; in New River, which enters from North Carolina and discharges
into the Kanawha, a tributary of the Ohio, in West Virginia; and along
south-central border, where Dan River crosses Virginia-North Carolina State
line six times before discharging into Roanoke River, which later flows into
North Carolina.
Generally moderate to large supplies of ground water in sand and gravel
in Coastal Plain, the most productive ground-water area. Similar supplies in
carbonate rocks in the Valley and Ridge province, the next most productive.
Small to locally moderate supplies in crystalline rocks and Triassic sandstone
and shale in the Piedmont and in coal and sandstone in Appalachian Plateaus;
generally small supplies from crystalline rocks in Blue Ridge.
Water use in 1960 totaled about 5,000 mgd, 220 mgd surface water and 43
mgd ground water for public supply, 14 and 74 mgd for rural supply, 3,600
mgd fresh and 900 mgd saline surface water and 51 mgd fresh ground water
for industry including 2,500 mgd fresh and 810 mgd saline surface water for
public-utility fuel-electric power, and 23 and 12 mgd for irrigation.
Problems generally similar to those in other Eastern States of substantial
water resources but rapidly growing population and industry. Include growing
cost of obtaining adequate supplies for domestic and industrial use in expanding urban and suburban areas; pollution of streams by domestic and industrial
wastes; provision of adequate facilities for navigation; control of floods,
erosion, and sedimentation; obtaining water for supplemental irrigation;
providing more adequate facilities for recreation and fish and wildlife; and
inadequacy of hydrologic information for detailed planning. Substantial
progress being made in attacking most problems, and situation generally
promising.
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Virginia has moderately large water resources and water use and
the usual problems involved in controlling floods and pollution and
meeting increased demands for water supply. It is divided among
the Coastal Plain, Piedmont, Blue Ridge, Valley and Ridge, and
Appalachian Plateaus provinces, which form northward- to northeastward-trending belts across the State.
Like other States of the Appalachian region, Virginia is underlain
by crystalline rocks of Precambrian age which form a basement
for the whole State. These rocks crop out in parts of the Piedmont
and Blue Ridge provinces. Lower Paleozoic sedimentary and metamorphosed sedimentary rocks are complexly interfolded with the
Precambrian rocks in the Piedmont (and presumably beneath the
Coastal Plain to the east) and in the Blue Ridge. The lower and
middle Paleozoic rocks of the Valley and Ridge province become
progressively less folded and metamorphosed toward the west, and
in the small area of the Appalachian Plateaus, or Cumberland
Plateau, in the southwestern part of the State the Paleozoic rocks
are relatively flat lying. Sandstone and shale, intruded by or interbedded with tabular bodies of diabase ("trap rock"), of Triassic age
occupy downfaulted basins in the Piedmont. Unconsolidated or
semiconsolidated sediments of Cretaceous and Tertiary age form an
eastward-dipping and -thickening wedge over Triassic and older
rocks in the Coastal Plain. They are mantled, especially along the
coast and the larger estuaries, by thin terrace deposits of late
Tertiary and Quaternary age. Patches of the terrace deposits overlap
the Coastal Plain sediments to extend a short distance into the
Piedmont. Alluvium of Quaternary age lies along the streams but
is thin or fine grained in most places.
The annual precipitation is least, 30 inches or a little more, in a
small area in the northern part of the Valley and Ridge province.
In most of the State it is more than 40 inches, and it rises to
perhaps 58 inches in the Blue Ridge near the North Carolina line,
where the Ridge in Virginia is highest. It averages perhaps 43
inches in the State as a whole.
The measured annual runoff is about 10 or 11 inches along the.
coast (see p. 629) and increases westward to a maximum of 20
inches or a litle more at the extreme western tip and in the highest
part of the Blue Ridge. It averages about 15 inches, for a total
of about 26 bgd from Virginia's 40,815 square miles. The area of
the State is about average for the East, but the rate of runoff is
about three-fourths again as high as the conterminous-State average
of S l/2 inches. Thus the total supply is very substantial.
Virginia receives relatively little water from outside. The Potomac
River forms the northeastern border and increases in flow from
about 6.1 bgd (1896-1956) at Point of Rocks, Md., below the mouth
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of the Shenandoah River, to about 7.3 bgd (1930-56) at Washington, D.C. (U.S. Geol. Survey, 1960b, p. 86^87). The flow continues
to increase, but is not measured, downstream from Washington; in
most of this stretch the water is saline.
The New River in western Virginia brings in about 1.15 bgd
from North Carolina, as measured in 1930-57 at Galax, and discharges about 3.2 bgd into West Virginia, as measured in 1927-57
at Glenlyn. The New is a tributary of the Kanawha, which enters
the Ohio River in West Virginia.
The Dan River crosses the Virginia-North Carolina State line
six times. At Danville, Va., after the fourth crossing, it discharges
about 1.54 bgd as measured in 1934-60. Of this an estimated 0.68
bgd comes from North Carolina. On the basis of the flow of the
Hyco River as measured in 1928 and 1950-60 at Denniston, Va.,
the small streams flowing into the Dan River below Danville and
into the Roanoke River below the mouth of the Dan bring in an
additional 0.58 bgd from North Carolina. The Roanoke discharges
about 4.96 bgd into North Carolina as measured in 1947-60 at Buggs
Island, Va.
Water use is substantial and growing. The 1960 population of
3,966,949 represents an increase of 19.5 percent over that of 1950,
a rate of growth a little higher than the national average. Withdrawal use of water in 1960 totaled about 5,000 mgd (MacKichan
and Kammerer, 1961b, p. 35), more than half again as great as in
]950 (MacKichan, 1951, p. 7). The total included about 220 mgd
of surface water and 43 bgd of ground water for public supply, 14
and 74 mgd for rural supply, 3,600 mgd fresh and 900 mgd saline
surface water and 51 mgd fresh ground water for industry including
2,500 mgd fresh and 810 mgd saline surface water for public-utility
fuel-electric power generation, and 23 and 12 mgd for irrigation. The
total of 180 mgd for ground water is less than the figure shown
by MacKichan for 1950, owing to a more realistic estimate for industrial use, which was estimated at 200 mgd in 1950. As for most
other States, the water-use figures are based on scanty data.
GROUND-WATER STUDIES

Good basic though in part somewhat outdated information on the
occurrence of ground water is available for the Coastal Plain, the
Shenandoah Valley, several counties in the vicinity of Washington,
D.C., and a few other areas. For the rest of the State relatively little
detailed information has been published, though much unpublished
information is on file at the Virginia Division of Mineral Resources
in Charlottesville.
The Coastal Plain, the most productive ground-water area, is the
site of the greatest effort in past ground-water investigations, most
of which have been made in cooperation between the State and Fed-
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eral Geological Surveys. Several of the folios of the Geologic Atlas
of the United States, published by the U.S. Geological Survey, touch
on the Coastal Plain and contain some information on ground
water. These are included in the following list of folios covering
areas in Virginia.
Folio No.

10
12
13
14
23
26
32
44
59
61
70
80
136

Quadrangle

Harpers Ferry, Va.-W. Va.-McL
Estillville, Ky,-Va.-Tenn_ _____
Fredericksburg, Va.-Md-__---Staunton, Va.-W. Va__ ______
Nomini, Md.-Va.___________
Po-cahontas, Va.-W. Va________
Franklin, W. Va.-Va_ _________
Tazewell, Va.-W. Va. _________
Bristol, Va.-Tenn_.. __________
Monterey, Va.-W. Va_____.___
Washington, D.C.-Md.-Va_____
Norfolk, Va.-N.C...
St. Marys, Md.-Va.

Author (s)

Year

Arthur Keith.-._______

1894

M. R. Campbell________
N. H. Darton--__----__
____do___________-____

1894
1894
1894

_.__do____-_-_____--__

1896

M. R. Campbell-_______

1896

N. H. Darton__________
M. R. Campbell-.---__
__-_do____--_--___-_-_
N. H. Darton-.___-____

1896
1897
1899
1899

N. H. Darton and
Arthur Keith.
N. H. Darton__--,-___G. B. Shattuck and B. L.
Miller.

1901
1902
1906

The principal report covering the whole Coastal Plain is that of
Sanford (1913).
The Coastal Plain in Arlington, Fairfax, and Prince William
Counties is described in a report which covers those three counties
and three Loudoun, Clarke, and Frederick to the west (Cady,
1938).
Later reports cover two important areas in the Coastal Plain in
southeastern Virginia the area south of the James River (Cederstrom, 1945b) and the York-James Peninsula (Cederstrom, 1957).
The Fredericksburg area in eastern Spotsylvania County, included
in the area covered by Folio 13 of the Geologic Atlas, is described
in a summary report by Subitzky (1955). A report on the West
Point area in King William County is in preparation by the Virginia Division of Mineral Resources.
The area in the vicinity of Washington, D.C., treated to some
extent in Folio 70 and in the report on northern Virginia by Cady
(1938), is described in more detail in a recent report by Johnston
(publication pending). Darton, in a map published in 1947 and a
report published in 1950, presents geologic information that is of
interest in relation to ground water.
Other significant reports on the Coastal Plain, roughly in chronological order, include those by Cederstrom on the records of significant deep wells (1943a), on chloride in ground water (1943b),
on the water supply at Camp Peary near Williamsburg (1943c),
on the structural geology of southeastern Virginia (1945a), on the
genesis (1946a) and chemical character (1946b) of ground water,
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find on a problem of contamination of ground water by gasoline in
Arlington (1947) ; by Sinnott on wells at Fort Belvoir (1950a), on
hydraulic characteristics of Coastal Plain sediments at Franklin
(1950b), and on ground-water conditions in the vicinity of Tappahannock (1955)-; by. Sinnott and Whetstone (1950, 1962) on fluoride
in ground water; by.Sinnott and Tibbitts (1954, 1955, 1957) on the
Eastern Shore Peninsula; and by Tibbitts (1955) on the hydrology
of a Miocene aquifer on the Eastern Shore.
The Piedmont is described briefly by Geyer (1955). The Piedmont
in the vicinity of Washington is covered in the reports by Cady
(1938) on northern Virginia and by Johnston (publication pending) on Washington, D.C., and vicinity. Johnston (1962a) describes
ground water in the Fairfax quadrangle, in the Piedmont just west
of the Washington area. In a brief report the same author (1960)
describes ground water in Triassic shale and sandstone in northern
Virginia, with special reference to the area in the vicinity of Dulles
International Airport. In an older report, Clapp (1911c) described
ground water in the Triassic rocks at Manassas, in Prince William
County. Furcron (1939) describes the geology and mineral resources,
including ground water, in the Warrenton quadrangle, in the
Piedmont in Fauquier and adjacent counties. LeGrand (1960b)
describes the geology and ground-water resources of Pittsylvania
and Halifax Counties, in the Piedmont on the North Carolina
border.
There is little published information on ground water in the
Blue Ridge. Some information is included in reports on the Shenandoah Valley and on northern Virginia by Cady (1936a, 1938)
and in a report on the Roanoke-Salem area by Latta (1956). Waterwell data for the western (Blue Ridge) section of Albemarle County
are presented by Cross (1960).
Parts of the Valley and Ridge province are described in several
reports. An area of six counties Shenandoah, Warren, Page, Rockingham, Augusta, and Rockbridge covering most of the Shenandoah Valley is described by Cady (1936a). An older report by Hall
(1928) presents detailed information ^on the Woodstock area in
Shenandoah County, and a brief open-file report by Cady and
Cederstrom (1940) gives some details on conditions at Waynesboro,
at the west foot of the Blue Ridge in Augusta County, that were
not included in the 1936 report by Cady. The Roanoke-Salem area,
described by Latta (1956), lies mainly in the Valley and Ridge
province, but southwest of the Shenandoah Valley.
- There are no detailed reports on the Appalachian Plateaus (Cumberland Plateau).
Summary reports on ground water in each of Virginia's counties
are in preparation by the Virginia Division of Mineral Resources.
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There are several reports of stateAvide interest. A report by Collins and others (1930) describes the springs of Virginia, and one
by Reeves (1932) is devoted to the thermal springs. A report by
Collins and others (1932) describes the chemical character of surface Avater in Virginia.
Virginia was one of the States to undertake a substantial effort
in Avater-resources planning in the 1930's. A 1937 report of the
Virginia Planning Board presents summary information on physiography, climate runoff, ground Avater, and current and potential
Avater developments and problems in the principal drainage basins.
Two more recent reports by the Virginia Department of Conservation and Economic Development present significant information.
One report (1958) describes the Avater laws enacted to that date
and the State agencies responsible for investigation and administration of Avater resources. Another (1959) summarizes the available
information on ground Avater in Virginia.
A brief but informative paper by Gambrell and Sinnott (1960)
describes the occurrence and use of Avater in Virginia.
GROUND-WATER RESOURCES

A little less than half of Virginia falls in tAvo large areas underlain by rocks generally capable of yielding at least a feAv tens of
gallons per minute to Avells. The generally most productive area is
the Coastal Plain. The other is the Valley and Ridge proATince, of
Avhich the Shenandoah Valley is the most representative and perhaps the most productive part. Locally in the Coastal Plain wells
yield 2,000 gpm or more, and large yields are obtained in places
in the Valley and Ridge province also. In the Piedmont, Blue
Ridge, and Appalachian Plateaus, most Avells yield less than 50
gpm but some yield as much as a few hundred gallons per minute.
The total pumpage of ground Avater in 1960 Avas estimated at 180
mgd (MacKichan and Kammerer, 1961b, p. 35). A large fraction
of the water is pumped in the Coastal Plain and another large
fraction in the Valley and Ridge province. The total is not large
as compared with that in many other States of similar capabilities,
but it is increasing with the groAvth of industry, especially the paper
and chemical industries, and the pumpage may double Avithin the
next two decades (Alien Sinnott, U.S. Geol. Survey, unpublished
data).
COASTAL PLAIN

The Fall Line, bounding the Coastal Plain on the Avest, has a
general trend from northeast to southAvest along the Atlantic Coast
as a whole, but in Virginia it runs approximately north-south, from
Washington, D.C., through Fredericksburg, Richmond, Petersburg,
and Emporia to the North Carolina line in southern Greenville
County. The Plain is IOAV and flat, rising to no more than about
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250 feet above sea level at the Fall Line. It is underlain by strata
of generally unconsolidated sand, silt, clay, and marl which dip
seaward at an average rate of a few tens of feet per mile and tend
to thicken downdip. Minor lenses of gravel are present, especially
in the lower sediments. The strata range in age from Early Cretaceous to Tertiary. Mantling them continuously along the coast
and in patches at the inner edge are terrace deposits of later Tertiary and Quaternary age.
From Washington southward to where the Potomac River swings
eastward, northeast of Fredericksburg, the part of Virginia within
the Coastal Plain is only a few miles wide and the wedge of sediments reaches a maximum thickness of only a few hundred feet.
In this belt the sediments are not highly productive, generally yielding no more than a few tens of gallons per minute and only locally
as much as a few hundred. To the south, where the Coastal Plain
becomes as much as 120 miles wide (counting Chesapeake Bay and
the Eastern Shore), the strata reach a maximum thickness of probably more than 3,000 feet and have a much greater overall productivity.
The largest developments of ground water have taken place south
of the James River, in the southeastern Virginia area described by
Cederstrom (1945b). Locally, ground-water withdrawals are heavy.
For example, a paper mill near Franklin pumped about 7 mgd
from 1941 to 1954 and then gradually increased its withdrawal to
about 22 mgd as of 1960. Water levels have declined as far as 20
miles away since 1954. At Hope well about 2 mgd is pumped during
the summer by two industries.
North of the James, at West Point at the confluence of the Pamunkey and Mattaponi Rivers, is another paper mill, which in 1960
pumped nearly 6 mgd. Many small industries and cities use ground
water, a few at rates up to perhaps 200,000 gpd, but there are no
other users whose withdrawal is comparable to that at West Point
and in the Franklin and Hopewell areas south of the James.
The paper mill near Franklin is expanding and ultimately is
expected to withdraw about 40 mgd. Future large industrial developments in the area south of the James are expected to be concentrated in the area between Franklin in Southampton County and
Bacons Castle in Surry County, where large ground-water supplies
have been proved to exist. East of this area the ground water tends
to be saline or the strata are not so productive, or both. To the west
the strata become thinner and less productive, though the water
is of good quality. The same general situation exists in the YorkJames Peninsula (Cederstrom, 1957), where strata of Cretaceous
and Paleocene age are potentially the most important aquifers and
the general area of western James City and eastern King William
and New Kent Counties is perhaps the most promising.
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North of the York-James Peninsula the conditions are not so well
known, but moderate supplies are widely available, and large supplies doubtless are available at least locally. In the Coastal Plain as
a whole, the Cretaceous and Paleocene strata are generally the most
productive. In the eastern part of the wide segment of the Plain
these strata lie at considerable depth and characteristically contain
saline water. Eocene and younger strata generally yield only small
to moderate supplies of fresh water. Even where they are capable
of yielding large quantities of water, the quality is likely to deteriorate on heavy pumping because of encroachment of salt water. This
situation needs watching wherever pumping is heavy at present,
especially in the vicinity of Hampton Koads.
The total capability of the Coastal Plain as a producer of ground
water is unknown but is much larger than the present draft. Much
additional information is needed to serve as a basis for future development. Even in the areas covered by substantial reports of relatively recent date, test drilling and pumping are essential to establish
the presence and productivity of aquifers wherever large supplies
are desired.
Kather typically, ground water in the Coastal Plain is of low
to moderate mineralization, but of moderate hardness, near the Fall
Line. Eastward the water tends to change in type from calcium
bicarbonate to sodium bicarbonate and to become softer as a result
of base exchange, though the total mineralization is higher. Still
farther east the chloride content increases and eventually the water
becomes saline. Iron is a common constituent. Cederstrom (1946a,
b) discusses the genesis of ground water and the changes in quality
in the Virginia Coastal Plain, and Back (1960) discusses the subject
for the northern Atlantic Coastal Plain as a whole. Sinnott and
Whetstone (1950, 1962) discuss the occurrence of fluoride in the
ground water.
PIEDMONT
The Piedmont lies between the Fall Line and the foot of the
Blue Ridge, which runs southwestward from eastern Loudoun County
on the north to eastern Patrick County on the south, passing a few
miles west of Charlottesville and Lynchburg. The Piedmont is a
gently rolling plateau ranging in elevation from about 250 feet
along the east edge to 600 feet and, in the south, 1,000 feet above
sea level at the foot of the Ridge. It is underlain by contorted,
metamorphosed sedimentary rocks intruded by igneous rocks. In
several northeastward-trending belts shale and sandstone of Triassic
age, intruded by dikes and sills of diabase ("trap rock"), occupy
downfaulted basins which generally stand a little lower than the
adjacent country. The rocks of the Piedmont are weathered at the
surface, the residuum being thickest on the uplands and thinnest
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or missing in the deeper, narrower valleys. The residuum is generally
less than 50 feet thick but locally the thickness is 75 feet or more.
The rocks are of generally low to moderate productivity as aquifers.
Though they vary in permeability from place to place and from
one rock type to another, they generally carry water only in fractures and are much more uniform in water-bearing character than
they are in lithologic type. They ordinarily yield from a few gallons
to a few tens of gallons per minute to wells, but for the smaller
supplies required for domestic use they are a fairly reliable source.
Larger supplies are available only locally. The shale and sandstone
of Triassic age are, on the average, probably a little more productive
than the other rocks of the Piedmont in Virginia. The sandstone
retains some primary permeability, so that wells may tend to increase
in yield with depth to at least 500 feet and locally more, whereas
the other rocks yield little water at depths of more than 200 or 300
feet. In fact, most wells in the other rocks are less than 150
feet deep.
The residuum yields water to dug wells, but these are passing out
of the picture owing to their susceptibility to drought and pollution.
Drilled wells ordinarily yield little water from the residuum and
are cased through that material; most of them obtain the greatest
part of their water in fractured rock immediately below the residuum. Many wells have been drilled deeper than the first waterbearing fractures penetrated, but only a small proportion have
yielded much from the zone more than 200 feet below the residuum,
and very few have found water-bearing crevices at depths as great
as 500 feet.
Locally yields of several hundred gallons per minute have been
obtained. Wells 860 and 955 feet deep at the site of the Dulles International Airport west of Washington, D.C., yielded about 330 and
600 gpm from Triassic rocks. Before they were drilled the deepest
well in the immediate vicinity was 180 feet deep, and the maximum
recorded yield of wells was about 12 gpm (Johnston, 1960, p. 1).
The water from the deep wells was very hard, but better water might
be available at still greater depth, in sandstone beneath the shale
recorded as the aquifer in the two deep wells.
Rocks of other types in the Piedmont also have yielded 50 gpm or
so in a considerable number of localities and a few hundred gallons
per minute in a few.
The ground-water potentiality of the Piedmont is not great, but
more detailed studies of yield in relation to rock type and topography
very likely will reveal many additional places where moderate supplies can be obtained.
The water is of generally satisfactory quality for ordinary uses,
except that iron is commonly present in amounts exceeding the
671316 O 63
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generally accepted limit of 0.3 ppm (for iron and manganese together). Locally the water is moderately mineralized and hard.
BLUE RIDGE

The Blue Kidge is not a very productive ground-water area. The
rocks are prevailingly hard and dense, and the zone of weathered and
fractured rock is thin. There are many small springs, and these
and small streams are the chief sources of supply. Wells generally
yield only a few gallons to a few tens of gallons per minute and some
yield only a fraction of a gallon per minute. Locally, wells have
yielded as much as 300 gpm (Virginia Department of Conservation
and Economic Development, 1959, p. 31). The water is generally
of good quality. Alluvium along the larger streams may be capable
of substantial yields, but nothing specific is known of the possibilities. In general, the ground-water potentialities are not great, and
the population and water demand likely will remain low.
VALLEY AND RIDGE PROVINCE

The Valley and Ridge province occupies the part of Virginia west
of the Blue Ridge, except for the small area of the Cumberland
Plateau in the southwest. It is underlain largely by limestone and
dolomite of early Paleozoic age and by sandstone of middle and
late Paleozoic age, which have been folded along northeastwardtrending axes. The valleys are underlain largely by the carbonate
rocks, mantled by residuum and alluvium, and the ridges are formed
mainly by sandstone.
Sandstone and conglomerate yield small to moderate supplies,
as do residuum and alluvium locally. The principal aquifers, however,
are the limestone and dolomite, in which crevices enlarged by solution carry water and locally are capable of yielding large quantities
to wells. In general, the most favorable part of the province is at
the east edge, along the foot of the Blue Ridge, between Roanoke
and Front Royal, where the carbonate rocks are exposed and
recharged along the slopes. There are large developments at Elkton
Grottoes, Waynesboro, and Roanoke. The withdrawal at Roanoke
is at least 10 mgd from wells and springs for public and industrial
supplies. Industrial withdrawal at Waynesboro is reported to be at
least 20 mgd. Similar large supplies are probably available but
remain to be discovered elsewhere in the province. The future
prospects are good, provided that detailed ground-water studies and
test drilling are undertaken as a basis for large-scale ground-water
development. Rapid growth of population and industry are expected,
especially in the southwestern half of the province in Virginia.
The water in the carbonate rocks is generally hard. The ground
water of best quality is found in the sandstone and conglomerate,
which yield less water.
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CUMBERLAND PLATEAU

Cumberland Plateau is the local name for the part of the Appalachian Plateaus province in Virginia. It occupies less than 2,000
square miles in five southwestern counties and includes parts of the
Kanawha section on the northeast and the Cumberland Mountain
section on the southwest. It stands above the lowlands of the
Valley and Ridge province to the east and is underlain by beds
of sandstone and shale and seams of coal which dip gently to the
northwest. It is extensively dissected by erosion. S.treams are flashy,
and the smaller ones may cease flowing in dry weather. Because
of the depth of erosional dissection the water table lay at considerable depth below the upland even under natural conditions, and it
has been lowered further in many places by the draining action of
coal mines. The ground water near mines tends to be acid and iron
bearing as a result of oxidation of sulfur compounds in the coal
and associated rocks.
Ground water occurs along coal seams and also in sandstone above
beds of shale. Quantities are generally small, Imt a few wells have
yielded several hundred gallons per minute. In some places it
appears that the carbonate rocks which underlie the Plateau and
are exposed to the east carry water some distance beneath the Plateau
downdip to the northwest (J. O. Kimrey, U.S. Geol. Survey, unpublished data).
If it were not for the coal mining, the Plateau might be lightly
populated like the Blue Ridge. Even so, the population and water
demand are not as great as in more highly industrialized parts of
Virginia, and they are likely to remain relatively small. This situation is fortunate because water in large quantities is not easily or
economically obtainable in most parts of the area, especially in the
relatively high and rugged Cumberland Mountain section. The
problems are similar to those in the adjacent Eastern Coal Field
region of Kentucky (p. 367).
PROBLEMS, PROSPECTS, AND NEEDS

Virginia has the usual water-related problems to be expected in a
State which has substantial water resources but growing demands
and increasing costs of meeting them. Among the problems cited
by the State in its presentation to the Senate Select Committee on
National Water Resources (State Officials, 1960, p. 363-366) are
those incident to population increases, industrial expansion, pollution abatement, navigation requirements, reduction of flood damage, changing agricultural procedures, greater interest in fish and wildlife, the growing need for
recreational facilities, and the activities of various groups and agencies.

The population, which was 3,966,949 in 1960, is expected to increase
to 5,700,000 by 1980. This would represent an average increase of
about 20 percent each decade, similar to the actual increase of 19.5
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percent from 1950 to 1960. The growth in population, and the industrial expansion that will be largely responsible for it, obviously will
involve substantial increases in water demands. The increased water
supplies almost inevitably will cost more per gallon to develop than
those of the past. The State believes that developing these supplies
is essentially a local responsibility and that localities must prepare
themselves to meet the requirements, including such local contributions as may be necessary to take advantage of assistance under the
Federal Water Supply Act of 1958 and the Watershed Protection
and Flood Prevention Act (Public Law 566).
There are substantial problems of water pollution by municipal
and industrial wastes. The State enacted a pollution-control law
in 1946 and under it has made considerable progress in abating
pollution. It also participates in interstate pollution-control compacts, such as that on the Ohio River. Advantage is taken of
Federal research related to pollution, especially pollution by radioactive wastes, and of assistance under the Water Pollution Control
Act, but abatement of pollution is recognized as primarily a local
and State responsibility.
Navigation facilities are essential to Virginia's economy. These
are primarily a Federat responsibility, and the State considers the
situation generally satisfactory.
Flood problems result from high tides caused by hurricanes and,
on inland streams, from storm runoff. Generally it is unfeasible
to undertake the construction of facilities that would prevent or
greatly reduce hurricane damage along the coast. Control of floods
on inland streams is more practical, and the State considers the
programs of the Corps of Engineers under the Flood Control Act
and of the Agriculture Department under the Watershed Protection
and Flood Prevention Act to be generally beneficial and effective.
Flood-plain zoning under local and State law is recognized as important to the success of the flood-control program.
Agricultural practices are expected to change in response to greater
population pressure, generally in the direction of growth of higher
value crops and practice of supplemental irrigation. The General
Assembly in 1956 enacted legislation designed to encourage the
capture and storage of floodwater for use in irrigation. The possible
need for additional State and Federal legislation. related to water
supplies for agriculture is recognized.
The growing importance of fish and wildlife amd recreation is
recognized and there has been substantial progress, including StateFederal cooperation in wildlife-conservation activities and the construction of several reservoirs for public fishing and other recreational uses.
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Inclusion of "the activities of various groups and agencies" in the
State's list of problems is intended to refer to problems of assignment
of responsibility and control for water-related activities. The State
points out the need for recognition and acceptance of responsibility
at the lowest practical level, in order that local needs and desires may
play an appropriate part in decisions on projects affecting localities.
It encourages the formation of voluntary river-basin associations
composed of residents of a basin who both promote the undertaking
of beneficial water-related activities and serve as an instrument to
help guide the activities in a direction that will result in greatest
overall benefit to the basin and its people. The State believes that
no Federal project should be undertaken without the concurrence
of the affected State.
In its presentation the State calls attention to the question of
Federal-State water rights and expresses concern over possible Federal encroachment on water rights and water uses in the States.
In recognition of its responsibilities affecting water resources, the
State has enacted a substantial body of legislation related to water
(Virginia Dept. Conserv. and Econ. Devel., 1958, p. 12-33; 1959,
p. 47-57). Virginia recognizes the riparian system of water rights,
and court decisions have tended to adopt the American rule of
reasonable and beneficial use of "percolating" ground water. Owners
of unused flowing wells are required to cap them. Records of certain
wells must be furnished to the State Geologist. Wells or pits being
abandoned must be filled with earth. Contamination of water used
for public supply is prohibited. Sanitary districts and water authorities may be formed and may assume such responsibilities as those for
supplying water and collecting and disposing of sewage. Sanitation
districts may be formed for the purpose of abating pollution of both
tidal and nontidal waters, and drainage districts to reclaim land for
agriculture.
The State's attitude on water is summed up in its policy declaration of 1954 that
the regulation, control, development and use of waters for all purposes
beneficial to the public are within the jurisdiction of the State which in the
exercise of its police powers may establish measures to effectuate the proper
and comprehensive utilization and protection of such waters.

In 1958 the declaration was amended to make it clear that ground
water as well as surface water is affected. Thus it appears that the
State is ready to enact such specific legislation as may be needed to
promote the beneficial use and conservation of water in the future.
It has already recognized its right to modify the riparian rule to
permit the appropriation of water, should the need arise (idem,
1958, p. 20-21).
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One of the principal, or at least one of the most fundamental,
problems affecting Virginia is that of inadequacy of existing hydrologic information to serve as a basis for efficient and economical
development of water resources. A good start has been made in
gathering data, but for most of the area of the State the available
information is too generalized to serve as a basis for sound decisions
involving large expenditures for water-related projects.
WASHINGTON
Total water supply large, but uneven distribution in time and place leads
to overall shortages in parts of eastern three-fifths of State and summertime
shortages and winter floods in western two-fifths. Average annual precipitation ranges from as little as about 5 inches locally in eastern part to more
than 200 inches in Coast Ranges in Olympic Peninsula. Reported to average
about 70 inches in western part, about 20 in eastern, and about 40 in State.
Less than one-fifth of annual precipitation in western part occurs during
growing season; distribution in eastern part similar except for greater precipitation in May and June. Annual runoff 0.5 inch or less in most of Columbia
Plateaus; rises above 20 inches in Northern Rocky Mountains in northeast
corner, above 10 inches in plateau south of Walla Walla, and above 40 inches
in Cascade Range above 80 in northern part; is 80 inches or more in large
part of northern Coast Ranges. Averages about 21 inches in State for total
of about 68 bgd (76 million acre-feet per year). Washington receives water
from Idaho and Oregon in Snake River at southeast corner; from Idaho in
Spokane and Pend Oreille Rivers; and from Canada in Columbia and in
tributary Kettle and Okanogan Rivers and in Skagit River and tributaries
of Nooksack River. Discharges its surface runoff to the Columbia, to streams
flowing into Puget Sound, and to coastal streams.
Ground water in small to very large quantities in eastern part of State, in
southern two-thirds in basalt and in northern third in glacial outwash.
Ground water in western part of State largely in alluvium which in some
areas is highly productive; bedrock largely unproductive.
Withdrawal use of fresh water in 1960 about 6,300 mgd (7,100,000 acre-feet),
570 mgd surface water and 200 mgd ground water for public supply, 40 and
6.6 mgd for rural supply, 520 and 170 mgd for industry (none for public-utility
fuel-electric power generation), and 3,300 and 420 mgd (3,700,000 and 470,000
acre-feet) for irrigation plus conveyance loss of 1,000 mgd (1,100,000 acre-feet).
About 48 mgd saline surface water used by industry. Hydropower use about
170 bgd, third highest in Nation.
Problems relate largely to uneven distribution of water, which leads to
winter floods and dry-season shortages of water supply, and to problems of
pollution abatement and of maintenance of satisfactory conditions for fish and
wildlife and recreation. Precipitation in eastern three-fifths of State generally
inadequate for crop growth, and streams and some aquifers heavily developed
for irrigation. Hyclrologic data inadequate for efficient full-scale development
of available water, but general situation promising because of large total
water resources and progressive attitude toward problems.

Washington, whose area is 68,192 square miles, has a very large
total runoff originating within its borders about 68 bgd. Also,
streams originating outside the State bring in an even larger quantity. At the same time, the supply of water readily available to meet
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existing and future needs is much smaller because of areal and seasonal maldistribution.
The State lies in the Northern Rocky Mountains, Columbia Plateaus, Cascade-Sierra, and Pacific Border physiographic provinces.
It is divided by the crest of the Cascade Range into two parts, threefifths east and two-fifths west of the crest. The Northern Rocky
Mountains swing westward across the northeastern part of the State
to join the northern Cascade Range. In the reentrant between those
ranges and forming about the southeastern two-fifths of the State
is the north end of the Columbia Plateaus province. The Walla
Walla Plateau section makes up the bulk of the province in Washington, but the north end of the Blue Mountain section extends into
the extreme southeastern part of the State. West of the Cascade
Range is the Puget Trough section of the Pacific Border province.
The section, which is a continuation of the lowland containing the
Willamette Valley in Oregon, culminates in Puget Sound and Juan
de Fuca Strait on the north. West of the lowland and south of the
Strait is the Olympic Mountains section the north end of the Coast
Ranges in the United States.
Precambrian crystalline rocks crop out only in an area of several
townships in the northeast corner of the State, in the Northern
Rocky Mountains. Sedimentary and volcanic rocks of Paleozoic age
crop out in sizable areas in the Northern Rockies and in even larger
areas in the northern Cascade Range. Intrusive rocks of Mesozoic
age crop out in large areas in the Northern Rockies and northeastern
Cascade Range, and younger Mesozoic sedimentary rocks crop out in
a large part of the Olympic Mountains in the northern Coast Ranges
and in smaller areas in the central and northern Cascade Range.
Otherwise the exposed rocks of the State are largely of Cenozoic
age. Sedimentary rocks of early and middle Tertiary age form
the southern part of the Coast Ranges and flank the Mesozoic rocks
in the northern part. Volcanic rocks of Tertiary age, largely Miocene, form the southern Cascade Range and most of the Columbia
Plateaus. Continental sediments, including glacial drift, of Pleistocene age, and alluvium and other sediments of Recent age mantle
the older rocks in much of the Columbia Plateaus, the major river
valleys, the area around Puget Sound, and the coastal slope. The
glacial drift is most important in the Puget Trough, moderately
important locally in the Columbia Plateaus, and of slight importance
in the Cascade Range and in the Rocky Mountains except for the
Spokane Valley. In the mountain areas the glacial drift mantles
the foothills but the steeper slopes do not retain much of a mantle
of unconsolidated material. Talus cones made of fragments of the
bedrocks lie at the foot of the steeper slopes. The continental sediments of the Columbia Plateaus consist largely of windblown silt
(loess) mantling the lava rocks.
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The precipitation, according to the State (State Officials, 1960, p.
367), ranges from as litle as 5 inches in the driest parts of central
Washington to 200 inches or more in the rain forests of the Olympic
Peninsula. The highest average precipitation recorded at a Weather
Bureau Station is 135 inches at Amanda Park in Grays Harbor
County.
According to a 1960 map of the U.S. Weather Bureau, based
on data for 1931-55, the annual precipitation averages about 10
inches in the southern part of the Columbia Plateaus and a little
less than 13 inches in the northern part and the adjacent foothills
of the Northern Kockies. It averages about 20 inches at stations
in the Northern Rockies in the northeastern part of the State, about
19 inches in the plateaus and mountains in the southeastern part, and
about 34 inches on the eastern slope of the Cascade Range and 90
inches in the higher part. In the Puget Trough, according to
Weather Bureau data, it declines generally northward from about
60 inches in Clark County to about 17 inches at Coupeville, on Whidbey Island northwest of Everett, and then begins to rise again,
reaching 41 inches at Blaine near the British Columbia border. It
averages about 102 inches in the Coast Ranges.
According to the State, more than 100 million acre-feet of water
per year an average of about 70 inches falls on the western twofifths of the State, and only 41 million acre-feet an average of
about 20 inches on the eastern three-fifths. In the State as a
whole, according to these figures, it averages about 40 inches, a third
higher than the conterminous-State average. The statewide average
as estimated by inspection of the Weather Bureau*map would be
closer to 30 than to 40 inches, but the Weather Bureau stations are
mostly at low elevations and thus do not fully reflect the higher
precipitation at greater elevations.
Whatever the actual precipitation is, it generates a large amount
of runoff. According to the runoff contours of Langbein and others
(1949), reproduced in plate 1, the average annual runoff exceeds 80
inches in substantial areas in the northern Coast Ranges and northern
Cascade Range. It is 0.5 inch or less in nearly all the Columbia
Plateaus. It rises northward and northeastward into the Northern
Rockies, exceeding 20 inches in the northeast corner of the State.
It increases southeastward also, exceeding 10 inches in a small area
south and east of Walla Walla. It rises rapidly westward into the
Cascade Range, exceeding 40 inches in most of the mountains and 80
inches in the headwaters of the Skagit and Nooksack Rivers in the
northern part. It declines below 20 inches along the axis of the
Puget Trough, and then rises in the Coast Ranges, exceeding 80
inches in a large part of the Olympic Mountains at the north end
and in a small area in Pacific County.
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In the State as a whole the runoff averages about 21 inches, about
21/2 times the conterminous-State average, and totals about 68 bgd
(76 million acre-feet per year) the second largest for a conterminous
State according to data presented in this report. Oregon is first
with 78 bgd and California is third with 64 bgd. (See discussion in
Oregon section, p. 701.)
Washington receives from outside a quantity of streamflow even
larger than that generated within the State. The Snake River brings
in a large quantity from Idaho and Oregon. The river flows northward along a short stretch of the Washington-Idaho boundary before
turning westward into Washington, and in that stretch Washington
contributes some water to its flow. Nevertheless, the bulk of the
approximately 35,470,000 acre-feet per year (32 bgd) flowing at
Clarkston, Wash. (1915-57; U.S. Geol. Survey, 1960b, p. 88-89),
across from Lewiston, Idaho, where the river turns westward, comes
from Idaho and Oregon.
The Spokane River brings in about 4,400,000 acre-feet per year
(about 4 bgd) as measured near Post Falls, Idaho (1913-57) ; the
river discharges into the Columbia west of Spokane. The Pend
Oreille River brings in about 18,000,000 acre-feet per year (about
16 bgd) as measured at Newport (1903^1, 1952-57) and discharges
about 19,000,000 (17 bgd) into Canada, as measured near Metaliiie
Falls (1912-57); the river then turns westward and enters the
Columbia just north of the international boundary.
The Columbia brings in about 70,000,000 acre-feet per year (63
bgd) at the international boundary (1937-57). Major tributaries to
the west, the Kettle River as measured near Laurier (1929-57) and
the Okanogan as measured at Oroville (1942-57) bring in about
2,000,000 and 500,000 acre-feet per year, respectively, or about 1.8
and 0.48 bgd. Smaller tributaries bring in lesser amounts.
The Skagit River as measured near Hope, British Columbia (191622, 1934-55), brings in about 700,000 acre-feet per year (0.65 bgd),
and Canadian tributaries of the Nooksack River bring in a minor
part of the approximately 2,700,000 acre-feet per year (2.4 bgd)
flowing in that stream near Lynden in 1944-57; the rivers discharge
at tide level into Skagit and Lummi Bays, respectively.
The Columbia increases in flow to about 79,000,000 acre-feet per
year (71 bgd) at Grand Coulee (1913-57) and to 141,500,000 acrefeet per year (126 bgd) at The Dalles, Oreg. (1878-1957). Downstream from The Dalles it receives from Oregon the substantial flow of
the Sandy River and the much larger flow of the Willamette, and from
Washington the flow of the Lewis and Cowlitz Rivers, as well as
that of smaller tributaries. At the mouth its average flow exceeds
175,000,000 acre-feet per year (156 bgd).
Thus, in its own runoff and that received from outside, Washington has a very large water supply, but much of the flow occurs at
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times of the year or at places or at elevations such that the water
is less readily available to meet existing and potential demands than
would be desirable. The bulk of the runoff occurs in the western
two-fifths of the State, largely during the winter. About half the
precipitation on that part of the State collects as runoff, flowing
into Puget Sound or directly into the Pacific, but less than a fifth
of the precipitation occurs during the growing season (State Officials,
1960, p. 367-368), and the heavy winter flows create flood problems.
The upper Columbia River traverses the drier part of the State,
but it floAvs at elevations far below those of many of the dry plateaus
where water could be used advantageously; hence, the water is not
readily and cheaply available to those areas. Furthermore, problems
of international and interstate water rights and of possible conflicts
between uses, such as between power generation and irrigation, complicate use of the water from the river.
Water use in Washington is large. The total withdrawal use of
fresh water in 1960 was about 6,300 mgd, distributed as follows
(MacKichan and Kammerer, 1961b) : 570 mgd of surface water and
200 mgd of ground water for public supply, 40 and 6.6 mgd for
rural supply, 520 and 170 mgd for industry, all for purposes other
than public-utility fuel-electric power generation, and 3,300 and 420
mgd (3,700,000 and 470,000 acre-feet) for irrigation. In addition to
the quantities shown for irrigation there was a conveyance loss of
about 1,000 mgd (1,100,000 acre-feet), mostly surface water, between
points of diversion and points of delivery to irrigated cropland.
About 48 mgd of saline surface water was used for industry. Hydropower use was large, about 170 bgd, and Washington ranked below
only New York and Oregon in this use.
The population (2,853,214 in 1960) is expected to grow by about
57 percent from 1960 to 1980, and the municipal (and presumably the
rural) use of water by a greater percentage (State Officials, 1960,
p. 368). Industrial use is expected to double by 1980, in part as a
result of rapid growth of the timber-prodiu rs, petrochemical, and
metals industries. Irrigation demand is expected to grow about as
rapidly as the population, or perhaps a little nore slowly as a result
of improved irrigation practices. The area L-rigated as of 1959-60
was estimated by the State at 1,200,000 acres and by MacKichan
and Kammerer at 1,000,000 acres, and the Stt'te expects it to grow
by about one-quarter by 1980. The total irrigable area is estimated
by the State at 3,000,000 acres.
Electric-power consumption per customer is more than 2% times
the national average, and the State expects it to continue increasing
rapidly. There will be increased development of hydropower, but
the State believes that thermal power also will have to be developed,
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to the extent of 8 megawatts by 1985 in the Pacific Northwest
as a whole.
GROUND-WATER STUDIES

A substantial amount of ground-water work has been done in
Washington, largely by the U.S. Geological Survey in cooperation
with the Division of Water Resources of the State Department of
Conservation and its predecessors.
Water-Supply Paper 111 of the U.S. Geological Survey (Landes,
1905) is a generalized summary of the occurrence of ground water
in Washington. It contains most of the information given in a few
earlier reports, but Water-Supply Paper 55 (Smith, 1901) presents
more details on the part of Yakima County that includes the towns
of North Yakima and Selah and the Ahtanum Valley. Two folios
of the Geologic Atlas, No. 815 on the Ellensburg quadrangle (Smith,
1903) and No. 106 on the Mount Stuart quadrangle just to the north
(Smith, 1904), present some details on ground water in those areas.
Water-Supply Paper 118 (Calkins, 1905) describes ground water in
a considerable part of the area known as the Columbia Basin, generally south and east of the Columbia River and north of the Snake
River and centering in Grant County. Water-Supply Paper 316
(Waring, 1913) covers the area to the south, extending to the Columbia River in Benton and eastern Klickitat Counties. Water-Supply
Paper 425-E (Schwennesen and Meinzer, 1919) describes ground
water in the Quincy Valley, in the Grant County portion of the basin.
Jenkins (1922) describes ground water in the area along the
Columbia River in northern Benton County around White Bluffs
and Hanford, the latter now known as the site of an installation of
the Atomic Energy Commission.
Bryan (1924) and Piper (1930) prepared open-file reports describing water supply for the United States Penitentiary on McNeil
Island, in an arm of Puget Sound west of Tacoma.
The area around The Dalles, Oreg., is described by Piper (1932b).
The report contains information of interest with respect to conditions along the Columbia River in Washington as well as Oregon.
Work in the Tacoma and Spokane areas began in the 1930's.
Progress reports on Tacoma were prepared by Piper and LaRocque
(1938) and LaRocque and Piper (1938), and a more comprehensive
report on the area has now been completed (Griffin and others, 1962).
A brief report by Piper and LaRocque (1939) describes wells used
for the municipal supply of Spokane. The wells, which are dug a few
tens of feet into exceedingly permeable glacial outwash, held and
still hold what is believed to be the United States record for specific
capacity, yielding as much as 10,600 gpm per foot of drawdown.
The outwash occupies a deep trench extending northeastward beneath
the Spokane Valley and Rathdrum Prairie to Lake Pend Oreille in
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Idaho, which serves as the source of a substantial part of the approximately 1,000 cfs (650 mgd) of underflow which discharges into the
Spokane and Little Spokane Rivers near Spokane (Piper and Huff,
1943, p. 6). . Additional information on the Spokane Valley is
presented in another report by Piper and LaRocque (1944). Information on the hydrology of the Spokane and Coeur d'Alene River
basins, Washington and Idaho, is presented by Simons and others
(1953), and Newcomb and others (1953) describe the results of
seismic surveys made to determine the thickness of the glacial
outwash in the Spokane River valley and also in the Hillyard
trough, north of Spokane.
N. C. Jannsen was commissioned to. prepare a report on ground
water in Washington for the State Planning Council. His report,
submitted in 1937, describes ground-water conditions in a number of
localities and contains records of several dozen wells.
The cooperative program was expanded in the 1940's and has since
produced a considerable number of'reports. Reports completed since
that time on counties, areas within counties, or small areas crossing
county lines are listed below. (Included are a few reports not
prepared as a part of the cooperative program.) Following the table
are references to several recent reports on broader areas.
Supplemental list of reports by counties
[Subject is occurrence of ground water, unless otherwise Indicated]

Area, subject

Author (s)

Cold Creek area, tests of
artesian wells.
Upper Cold Creek valley,
repair of leaking artesian
wells.
Columbia River between
Richland and China Bar,
evaluation of bank storage.

Hart-.---------

1948a
1958b

Newcomb ____ _

1958b

Newcomb and
Brown.

1961

Noble--------.

1960

Griffin and
others.

1956

County

Benton, Franklin,
and Grant.
Clallam
Clark____. __________
Clark, and Multnomah County, Oreg.
Douglas _ _

in county.
Portland, Oreg.-Vancouver,
Wash., area, water resources.

Laurier and Ferry, ground
water at border stations.
Franklin and Grant _ White Bluffs, character and
age of Ringold Formation.
Grant. _ _ _
level.
Moses Lake quadrangle,
geology.
Grays Harbor _ _. ___
area.
FpTTV

See footnote at end of table

Eakin.-Walters __

Year

_

C1)

_

1946
1960

Newcomb _ _ _

1958a

Bodhaine.
Grolier and
Foxworthy.

1954
1961
1948b
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Supplemental list of reports by counties Continued
Area, subject

County

Pacific.
King_-__-- ________

Pierce ___

San Juan_

Author (s)

Year

Grayland watershed

Wegner _ _ .

1956

Northwestern part, geology
and ground water.
Geology and ground water
in county.
Records of wells and
springs, water levels, and
ground-water quality in
county.
West-central part, geology
and ground water.
Central Chehalis Valley.
Central part, records of
wells and springs, water
levels, and ground- water
quality.
Tacoma area, water resources.

Liesch,and
others.
Sceva .

1962

Weigle and
Washburn.

1956

Weigle and
Foxworthy.
Schlax__
Sceva and
others.

1962

Griffin and
others.

1957

1947
1955

1962
1954

Spokane

__

_ _

area.
Southwestern part
Sceva .
Ground water in county. _ Newcomb
Spokane Valley, water-level Piper and
fluctuations in wells.
LaRocque.
Spokane Valley, records Weigle and
of wells, water levels, and
Mundorff.
ground-water quality.

Geology and ground water
in county.
Thurston and Pierce. . Yelm area _-__-__-. .
Thurston ___ ___

Washburn.
Wallace and
Molenaar.

1950
1952
1944
1952
1957a
1961
1955

others.
Walla Walla.. ------Walla Walla, and
Umatilla County,
Oreg.

Whitman __

___

1961
charge.
Walla Walla Basin.. _...._.

1951a

Walla Walla and Umatilla --..-do-------River basins, character
and age of Palouse Formation.
Western part.. _ ___ ... _ Newcomb and
others.
Lummi Indian Reservation. Washburn.
Foxworthy and
Washburn.
-._-. do--.-.. ------------ . _._. do .__.._

1961c

1949
1957
1957b

0)

1949
ogy and ground water.
Lower Ahtanum Valley _. _
and ground water.
Publication pending.

others.
Foxworthy. ___
.---.do--...--.

1953
1962
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Newcomb (1961b) has described the possibilities of natural and
artificial storage of ground water behind "dams" of structural
origin in the Columbia River Basalt of Miocene age in Washington,
Oregon, and Idaho. Hart (1958a) has described artificial-recharge
projects in Oregon and Washington.
The Columbia Basin is treated in several reports. Taylor (1948)
describes ground water in the Quincy Basin, Wahluke Slope, and
Pasco Slope subareas of the Columbia Basin project of the Bureau
of Reclamation. Mundorff and others (1952) prepared a progress
report on ground water in the whole project. Walters and Grolier
(1960) prepared a later and more comprehensive report on the project
area. Mundorff (1953) discusses the availability of ground water to
supplement surface-water supplies for irrigation in the Yakima
River basin, a part of the drainage basin of the Columbia River.
Kinnison (1952) discusses the accuracy of records of streamflow in
the Yakima basin, and Sceva (1954), in a companion report, discusses the adequacy of the gaging-station sites, especially with respect
to underflow that may be bypassing the gages. The two reports
are being combined for publication as Water-Supply Paper 1595
(Kinnison and Sceva, publication pending).
Molenaar (1961) describes flowing wells in Washington, which
are especially numerous around Puget Sound and are found also in
the Chehalis, Yakima, and Ahtanum Valleys, in the Ellensburg area,
in the Walla Walla Basin, and in a few other areas.
GROUND-WATER RESOURCES

Washington has large resources of ground water in basaltic lava
rocks in the Columbia Plateaus, and locally in glacially derived and
other unconsolidated deposits in the Plateaus and the -Northern
Rockies; and in glacial and other unconsolidated deposits in the
Puget-Willamette Trough. Ground water is scarce or lies at great
depths in most of the Northern Rockies, the Cascade Range, and the
Coast Ranges. Some stretches of "watercourses" along the Okanogan
River in the north center and the Chehalis River in the west are
potentially productive sources. Sand plains are locally productive
along the coast; otherwise the coastal slope is largely unproductive.
Washington includes parts or all of 4 of the 21 ground-water
provinces into which Meinzer (1923a, p. 309-314) divided the
conterminous United States. The 4 provinces can be divided into 12
subprovinces (Eakin and others, 1946, p. 147-153).
NORTHERN COAST RANGES

The Northern Coast Ranges, defined as the Coast Ranges in the
State, are mountainous, heavily forested, and well drained by many
perennial streams fed by high winter precipitation and relatively
meager ground-water storage. They cover about an eighth of the
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area of the State. The province is underlain largely by fine-grained
sedimentary rocks of late Mesozoic and Tertiary age which are not
freely permeable below the zone of weathering and generally yield
little water to wells. Tongues of moderately permeable sand and
gravel along parts of the larger streams, especially the Chehalis
River, are capable of large yields in some places. Terrace deposits
along the coast include both sand and finer grained materials; they
are rather well drained but yield wrater in places.
HOH

BIVEB

SUBPBOVINCE

The Hoh River subprovince is the northern half of the Northern
Coast Ranges, north of and including the basin of the Quinault
River, south of Juan de Fuca Strait, and west of Hood Canal at the
west edge of the Puget Trough. It includes most of the Olympic
Mountains and the adjoining slopes and coastal plain.
The principal area of use is the part of the coastal plain in Clallam
County extending from Port Angeles on Juan de Fuca Strait
eastward to Puget Sound. Municipal and irrigation water is
obtained almost entirely from surface sources. There are a few
irrigation wells, and most rural domestic supplies are obtained from
wells ranging in depth from a few tens of feet to 150 feet and locally
more. The ground water occurs largely in sand and gravel of glacial
origin, and at many places yields adequate for irrigation or other
large-scale uses could be obtained. Ground water is recharged at a
high rate from precipitation and locally from irrigated fields and
irrigation canals. In general, much more ground water is available
than is currently being used.
Several potentially irrigable tracts lie at elevations higher than
those reached by available surface-water supplies. Some of these may
be underlain by aquifers capable of yielding enough water for irrigation. Additional studies would be rieeded to locate such tracts. The
only part of the area covered to date by a detailed report is the
Sequim-Dungeness area about halfway between Port Angeles and
Port Townsend (Noble, 1960).
GRAYS

HARBOR

SUBPROVINCE

The Grays Harbor subprovince is the southern half of the Northern
Coast Ranges, between the Quinault River basin and the Columbia
River and extending eastward to the Puget Trough and to the
divide west of the Cowlitz River basin.
The area of principal water use includes the coastal areas adjacent
to Grays Harbor and Willapa Bay and the inland area drained by
the Chehalis River. About a third of the area of several thousand
acres that is irrigated in the subprovince is supplied with ground
water.
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In most of the area of principal use the withdrawal of ground
water can -be increased substantially. Near the coast, salt-water
encroachment is a potential threat if withdrawal is increased greatly.
In one coastal area, however, the Westport-Grayland area on the
south side of Grays Harbor (Newcomb, 1948b; Wegner, 1956), the
available supply of ground water is believed adequate to support a
withdrawal of several hundred million gallons a year from properly
spaced and constructed pumping plants.
Another area of ground-water use is the Newaukum artesian basin
in the Chehalis Valley east of Chehalis, in Lewis County (Schlax,
1947; Weigle and Washburn, 1956; Weigle and Foxworthy, 1962).
Water levels declined substantially in the past but have not declined
greatly in the last several years. Irrigation development will continue, but probably at a slow pace, and the ground-water supply
should be adequate for a considerable time to come.
Western Lewis County is not favorable for the development of
large supplies of ground water. The permeability of the Quaternary
sediments is low, and locally, where Tertiary sediments are near the
surface, the ground water is saline. This is one of the few places
in the subprovince where saline water has been encountered to date.
The subprovince is largely unexplored for ground water. In addition to the reports cited above, there is a recent one covering Thurston
County (Wallace and Molenaar, 1961). Additional information is
needed especially on the relation of fresh and salty ground water
along the coast and on the availability of ground water for irrigation or other large-scale uses in little known parts of the subprovince.
PUGET-WILLAMETTE TROUGH

The Puget-Willamette Trough is an extensive lowland floored by
sediments which, in the central and northern parts of the lowland,
are largely of glacial origin. The lowland is bounded by densely
timbered mountains, the Coast Ranges on the west and the Cascade
Range on the east. It covers nearly a quarter of the area of the
State and extends northward beyond the Canadian border and southward into Oregon. It was designated by Thomas (1952a) an offshoot
of his Arid Basins ground-water region because, though much wetter
than the main part of the Alluvial Basins region, it is much drier
than the adjacent uplands and contains ground water in unconsolidated valley fill.
The unconsolidated sediments reach a maximum thickness of at
least 2,300 feet. Highly productive deposits are present locally, as
at Tacoma, and the whole lowland around Puget Sound is shown
patterned in plate 1. In most of the area, however, the deposits are
only moderately productive. The deeper wells along the shore of
Puget Sound commonly flow (Molenaar, 1961). The Quaternary
sediments narrow in the southern part of the trough, where volcanic
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rocks encroach on the sides of the lowland. The uplands are formed
by rocks that are generally of low permeability below the zone of
surficial detritus, but they discharge large quantities of surface runoff to the lowland. Springs are common and are a valuable source
of water. The larger stream valleys, especially that of the Columbia
River, are floored with alluvium which locally is very coarse and
permeable, though a substantial proportion of the total thickness
may lie above the water table.
PUGET

SOUND

SUBPROVINCE

The Puget Sound subprovince includes the San Juan Archipelago
and the islands in Puget Sound, the basins of streams draining the
west slope of the Cascade Range as far south as and including the
Nisqually River basin and extending eastward to Mount Rainier,
and the basins of lowland streams draining to Puget Sound or
Hood Canal.
The subprovince is the principal area of population and water
use in the State. The larger cities use surface water for public
supply, the cities of Everett, Tacoma, and Seattle having distributed
a total of about 235 mgd in 1960. Tacoma uses wells for auxiliary
supply. Olympia, which gets most of its water from springs, and
many smaller cities use ground water for public supply.
Ground water is used for rural domestic and stock supply nearly
everywhere in the subprovince. Many of the wells tap thin lenses
of sand and gravel in glacial till. Some of the shallower ones go
dry during late summer in dry years, but in most places where
such wells exist a more reliable supply could be obtained by deeper
drilling.
Use of ground water for irrigation is slight except in the coastal
plains of western Skagit and Whatcom Counties, where ground water
may account for as much as 30 percent of the total quantity of
irrigation water used.
Only in a few small areas where the surficial sediments are of low
permeability, and recharge accordingly is small, has there been any
substantial decline of ground-water levels. In most of the subprovince ground water could be pumped at higher rates than it now
is, though only locally is it available in large quantities. In some
areas of permeable surficial sediments, integrated development of
ground and surface water could make available a very large total
supply. In general, the overall water supply is adequate for the
foreseeable future.
In northwestern King County there has been substantial pumping
of ground water for irrigation, but this use is declining in view of
the ready availability of surface water for irrigation.
6|71316 O 63
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Salt-water encroachment is a possibility all along the shore, but
in general only if withdrawals are increased greatly over those of the
present. Even in the tidal flat of the Puyallup River at Tacoma,
where ground-water withdrawal is substantial, the 1960 rate of
pumping could be increased substantially without causing serious
encroachment.
Many reports on ground water in the subprovince have been
prepared. Those of relatively recent date are cited in the section
on Ground-water studies under King, Kitsap, Lewis, Pierce, San
Juan, Skagit, Snohomish, Thurston, and Whatcom Counties. The
available information is fairly adequate for general purposes in most
of the productive parts of the subprovince, but there is still need for
(1) studies of several little-known areas to determine the availability
of ground water for rural residential use and (2) intensive hydrologic studies in the major areas of ground-water use, to establish
a basis for the most efficient development of ground and surface
water. The study in the Tacoma area (Griffin and others, 1962) is
a good example.
LEWIS

RIVER

SUBPROVINCE

The Lewis River subprovince takes in the southern part of the
Puget-Willamette Trough in Washington and the pdjacent slopes,
including the basins of streams that drain the west slope of the
Cascade Range to the Columbia River, southward from and including
the basin of the Cowlitz River.
The principal area of water use is in southwestern Clark County
(Mundorff, publication pending). Nearly all the municipal water
is obtained from the ground, the aggregate demand as of 1960 having
been about 10 mgd. The largest single use of ground water was that
for industry, about 80 mgd. The industrial pumping is concentrated
largely in two areas on the Columbia River flood plain, at Camas
and Vancouver. Irrigation pumpage is not known exactly but in
1960 was about 10 mgd.
The gravel aquifers along the Columbia River are extremely
permeable, and recharge can readily be induced from the river. No
substantial declines in water level have been reported, and it is
probable that the potential supply is many times the 1960 demand.
Ground-water information on the principal areas of use in the
subprovince is reasonably adequate. Eastern Lewis County and
Skamania County are mountainous and not of much interest in
regard to large ground-water developments. Clark County and central and western Lewis County are adequately covered. Cowlitz
County is the principal county including a large area in the Puget
Trough for which little information is available, but ground water
in the Trough in that county and in most of Clark County is not
nearly so abundant nor so highly developed as in the part of the
Puget Sound lowland to the north.
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COLUMBIA PLATEAU

The Columbia Plateau rlava ground-water province of Meinzer
(1923a), which in Washington coincides with the Columbia Plateaus
physiographic province of Fenneman and others (1946), includes the
plateaus east of the Cascade Range and west and south of the
Northern Rockies. It covers about two-fifths of the area of the State.
It is an area of extensive plains divided into subareas by structural
ridges in the underlying basaltic lava rocks and by the entrenched
channels of large streams, of which the Columbia River is the largest.
The principal rock forming the plateaus is the Yakima Basalt of late
Miocene and early Pliocene age. The basalt is water bearing. The
permeable zones vary greatly in thickness, permeability, depth below
the surface, and areal extent; wells thus have a wide range in depth
and yield. Structural conditions in the basalt, including both folding
and alternation and pinching out of permeable and impermeable
zones, produce artesian conditions in many areas, and deep wells in
some areas have a large flow.
Both fine-grained and coarse-grained sediments of continental
origin, largely lake and stream deposits, are interbedded with or
overlie the basalt in some areas. The Ringold Formation of Pleistocene age (Newcomb, 1958a) is typical of the younger deposits of
this type. In a large part of its extent the basalt is mantled by
loess, a fine-grained wind-deposited sediment. In a part of its extent,
especially in the Spokane Valley area (in the Northern Rocky
Mountains province) and in parts of the Yakima River basin, the
basalt is mantled by thin to thick deposits of glacial outwash and
other alluvial deposits, which commonly are permeable but in which
the depth to water may be considerable. In some parts of the
Plateau the unconsolidated deposits are dry because they lie on
permeable basalt in which, the water table is deep.
YAKIMA

RIVER

SUBPROVINCE

The Yakima River subprovince includes the southwestern part of
the province, comprising the basins of the Yakima River and of
adjacent short streams that drain directly into the Columbia River.
It is bounded on the west by the crest of the Cascade Range, on the
north by the divides between the Yakima and Wenatchee Rivers and
between Stemilt and Squillchuck Creeks, and on the east and south
by the Columbia River.
Ground water is developed in the valleys of the Yakima River and
its principal tributaries. Surface water is used for the large irrigation developments in the valley-floor areas adjacent to the Yakima
River. Ground water is the source for virtually all the public water
supplies and is used to some extent for irrigation. Recharge from
surface water used for irrigation results in the nearly complete
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filling of the ground-Avater reservoirs beneath the most of the valley
areas. Additional use of ground Avater would enable reuse of this
water and would also relieve waterlogging.
In some tributary valleys, such as the Ahtanum and Wenas Valleys,
withdrawal of ground AA~ater has lowered the piezometric surface
locally. In general, excess surface Avater is available in these areas
during part of the year but is inadequate in the lattef part of the
irrigation season. Additional carefully planned development of
ground water would add to the firm supply and provide a means of
storing excess surface runoff at times when it is available.
In the Goldendale area in Klickitat County the use of shalloAv
ground Avater for irrigation, formerly substantial, is not now
important. Drilling of deep Avells into basalt for irrigation is just
getting underAA'ay. The potentialities appear to be moderate rather
than great.
Studies of ground Avater have covered only small parts of the subprovince in detail. In Yakima County the Wenas Valley is covered
in a report by Sceva and others (1949) and the Ahtanum Valley in
reports by Foxworthy (1953, 1962). In Benton County the KenneAvick area is described in a report by NeAvcomb (1948a) and the Cold
Creek valley in reports by Hart (1958b) and Newcomb (1958b).
In a brief open-file report Mundorff (1953) discusses the availability
of ground water to supplement surface Avater for irrigation in the
Yakima RiATer basin as a Avhole. The adequacy of stream-gaging
records as a measure of the Avater yield of different parts of that
basin is considered in reports by Kinnison (1952) and Sceva (1954).
A comprehensive study of the ground water in the Yakima basin >is
needed as a basis for planning the coordinated development of surface and ground water. Surface flows now available during the
irrigation season are almost fully appropriated. Additional use of
ground water, and artificial recharge of some of the excess surface
flow now escaping during the noiiirrigation season, would do much
to overcome shortages that IIOAV exist in the dry season and in dry
years.
Reconnaissance studies of ground water in Klickitat County are
needed to locate areas where ground water may be available in quantities sufficient to irrigate areas for which surface water is not
available.
SCABLAND SUBPEOVINCE

The Scabland subprovince takes in the northern part of the province. It is approximately coextensive with the so-called Columbia
Basin. It includes the basins of minor streams that drain to the
Columbia River from the east between the Spokane and Snake
Rivers and the lower basin of the Snake below the mouth of the
Palouse River. The central part of the subprovince in part lacks
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exterior surface drainage. The eastern-boundary is somewhat indefi.nite, and for convenience it is defined to follow the Palouse River
upstream to the mouth of Eock Creek in west-central Whitman
County and thence to follow Eock Creek -northward to the divide
between that creek and Latah Creek, a tributary of the Spokane
Eiver, near Spangle in Spokane County.
The principal area of water use is the Columbia Basin irrigation
project of the Bureau of Eeclamation, which takes in nearly all of
Grant County, most of Franklin County, and western Adams County.
In that area, about half a million acres has been brought under
irrigation with surface water since 1952, and ground-water development for irrigation has slowed from its former pace. Outside the
project, in Douglas, Lincoln, and eastern Adams and Franklin
Counties, wells are the chief source of irrigation water. Throughout
the province, ground water is the chief source for municipal and
rural supply.
Use of surface water for irrigation has raised the water table
substantially, as much as 250 feet locally. Some drainage problems
have arisen as a result.
Substantial studies of ground water have been made in the Columbia Basin project. Taylor (1948) describes the Quincy Basin, Wahluke Slope, and Pasco Slope subareas of the project, which lie
respectively in the northwestern, west-central, and southern parts
of the project and together cover about 30 percent of the project
area. Eeports by5 Mundorff and others (1952) and Walters and
Grolier (1960) cover the whole project. Other recent reports on the
province are few; they are listed in the section on Ground-water
studies under Douglas, Franklin, and Grant Counties.
Eeconnaissance ground-water studies are needed in the parts of
the province outside the Columbia Basin project, to serve as a
basis for efficient development of ground water for irrigation and
other uses. Ground water is available in basalt nearly everywhere,
but at varying depths and in varying quantities, and the existing
information is inadequate for planning developments of substantial
scope.
WALLA WALLA BASIN STJBPROVINCE

The Walla Walla Basin subprovince includes the part of the Walla
Walla Eiver basin in Washington. The drainage basin, together with
the structural basin that underlies it, extends across the State line
into Oregon.
The principal area of water use in Washington is the lowland
along the Walla Walla River. The largest city, Walla Walla, uses
both surface water and ground water for public supply; smaller
cities use ground water. Both surface water and ground water are
used for irrigation, the withdrawal of ground water being as much
as 50,000 acre-feet in some years.
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There have been declines of water levels in some wells, including
some public-supply wells in the eastern part of the valley, over a
period of years, but as yet there is no evidence that ground water
in the valley as a whole is overdeveloped.
A report by Newcomb (1951a) describes the occurrence and development of ground water in the Walla Walla Basin in both Washington and Oregon. A recent paper by Price (1961) describes experiments on artificial recharge of one of the public-supply wells of the
city of Walla Walla. The well is in an area where local structural
conditions in the basalt limit the rate of natural recharge, so that
artificial recharge at times when surplus surface water is available
is a promising means of maintaining the local ground-water supply.
The results of this and related studies show that large-scale artificial
recharge is feasible and should be considered elsewhere in the subprovince as a means of enabling an increase in the total withdrawal
of ground water.
Newcomb (1961c) discusses the character and age of the Palouse
Formation, which includes the major part of the surficial windblown
sediments mantling the basalt and whose history and distribution
are of significance in relation to recharge of the basalt from precipitation.
GRANDE RONDE SUBPROVINCE

The Grande Ronde subprovince includes the Washington part of
the Grande Ronde River basin, which is chiefly in Oregon. The
Washington part lies in southern Columbia, Garfield, and Asotin
Counties. Ground water in the upper part of the basin in Union
County, Oreg., is described by Hampton and Brown (publication
pending), but the lower basin in Wallowa County, Oreg., and the
adjacent part of Washington has not been studied. The river flows
far below the level of the plateau in its northeastward course toward
the Snake River, and both population and water use in the lower
basin are small.
PALOUSE SUBPROVINCE

The Palouse subprovince takes in the rest of the Columbia Plateau
ground-water province in Washington. It includes the drainage
basins of the Snake and Palouse Rivers above their junction, except
for the right-bank drainage of the Palouse River and Cold Creek
(included in the Scabland subprovince as defined) and excluding also
the Grande Ronde River basin. As a ground-water area the subprovince extends eastward into Idaho.
The principal area of water use is the Pullman subbasin of the
Moscow-Pullman basin, which is in southeastern Whitman County,
Wash., and adjacent Latah County, Idaho. The chief water users in
the Pullman subbasin are the city of Pullman and Washington State
University. Their average aggregate withdrawal is about 800 million
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gallons per year, or about 2.2 mgd, of which an estimated 54 million
gallons per year is being withdrawn from storage.
Most crops are dry farmed, the average precipitation being about
20 inches, and only a little ground water is used for irrigation.
Domestic and stock uses account for most of the ground-water
withdrawal outside the Pullman subbasin.
The incipient overdraft on the heavily pumped aquifers in the
Pullman subbasin probably can be stopped or at least substantially
reduced by development of aquifers deeper in the basalt. On a
regional scale the basalt can be considered a single hydrologic unit.
In local areas such as the Pullman subbasin, however, some water
passes beneath the aquifers now in use, instead of rising into them in
response to the withdrawal, and a part of this water can be captured
by means of deeper wells.
Little is known about ground water in the subprovince outside the
Pullman subbasin. The subbasin is described in reports by Foxworthy and Washburn (1957b; Foxworthy and Washburn, publication pending). The adjacent Moscow area in Idaho is described by
Stevens (1960). Water occurs in basalt throughout the subprovince,
but the possibilities of development for irrigation or other large-scale
uses remain to be investigated.
NORTHERN ROCKY MOUNTAINS

The Northern Rocky Mountains province in Washington, which
covers nearly a quarter of the area of the State, is ruggedly mountainous almost throughout and is sparsely to heavily timbered. It
includes the drainage basin of the Columbia River above the mouth
of the Spokane River, including the entire Spokane River basin, and
the right-bank drainage of the Columbia down to the crest of the
"Wenatchee Mountains and the divide between Stemilt and Squillchuck Creeks, previously defined as the northern boundary of the
Yakima subprovince of the Columbia Plateau province.
The rocks exposed in about two-thirds of the province in Washington are intrusive igneous rocks, largely of Mesozoic age. In the
remaining third they are sedimentary and metaseclimentary rocks of
marine origin, largely of Paleozoic and Mesozoic age, and continental
sedimentary rocks and extrusive volcanic rocks, largely of Tertiary
age. Except for the extrusive rocks in the western part of the
province, which contain some moderately permeable zones, the rocks
in general are low in permeability and yield little water either to
wells or to springs and streams. The major ground-water bodies
are in tongues of outwash gravel in the larger intermontane valleys.
Locally, as in the Spokane Valley, the gravel is exceptionally
permeable and yields large quantities of water to wells. Gravelly
terrace deposits fringe some of the larger valleys, but these relatively
high level deposits are largely drained.
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CHELAN SUBPROVINCE

The Chelan subprovince is the southwestern part of the province.
It is approximately coextensive with Chelan County, including the
right-bank drainage of the Columbia Eiver from and including the
basin of Lake Chelan on the northeast to and including the basin of
Squillchuck Creek on the southwest. The chief use of ground water
is for the public supply of most of the towns and for rural domestic
and stock supply. The aggregate withdrawal is small except in the
Wenatchee River valley and the area near the southeast end of Lake
Chelan, the principal populated areas. The rest of the subprovince
is sparsely settled. Irrigation water is obtained from surface sources.
No detailed ground-water studies have been made in the subprovince, and at present there seems to be little need for substantial
additional ground-water development. Nevertheless, reconnaissance
studies would be worthwhile as a part of an overall inventory of
the State's water resources.
OKANOGAN

SUBPROVINCE

The Okanogan subprovince includes the right-bank drainage of
the Columbia River from the Canadian boundary down to the drainage divide at the northeast edge of the Lake Chelan basin. The
principal areas of water use are along the valleys of the larger
tributaries of the Columbia River, especially the Okanogan and
Methow Rivers. Ground water is developed in the valley bottoms
and locally on terraces adjacent to the streams. The interior parts
of the subprovince are mountainous and largely undeveloped.
Some 43,000 acres was irrigated in 1959. Only about 15 percent
of the area was irrigated with ground water. Virtually all the
incorporated towns, most of which are in the Okanogan and Methow
valleys, use ground water for public supply.
Ground-water studies have been made in only a few small areas.
The Laurier and Ferry areas in Ferry County are described by
Walters (1960). A few administrative reports on small areas have
been made to agencies such as the Bureau of Indian Affairs. Groundwater potentialities in an 8-square-mile area of orchards and croplands in the vicinity of Duck Lake, about 4 miles north of Omak in
Okanogan County, are evaluated in a report of the State Division
of Water Resources (Wallace, 1962).
Surface-water supplies are adequate to meet the current irrigation
demand, and potential supplies are well in excess of anticipated needs.
Ground water is pumped mostly from sand and gravel along
perennial streams, and recharge conditions are good. In the few
terrace and upland areas where ground water is developed, the
supplies seem adequate for current needs.
Reconnaissance studies of the Methow River valley and a few
upland areas are needed to facilitate future development. The
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ground-water supply of the subprovince in general appears to be
adequate to meet any demands that can reasonably be anticipated.
CLARK FORK SUBPROVINCE

The Clark Fork subprovince includes the left-bank drainage of
the Columbia River from the Canadian and Idaho borders down
to and including the Spokane River basin. As a hydrologic unit,
the subprovince extends into Canada and Idaho.
The principal developed area is the Spokane Valley. Nearly all
public supplies in Spokane and Stevens Counties are obtained from
the ground. The public-supply withdrawal of ground water at
Spokane, the largest for any city in the subprovince, was about 64
mgd in 1960. Pend Oreille County is mostly mountainous and is
lightly populated, though there are a few towns along the Pend
Oreille River valley; nearly all the towns use surface water for
public supply.
The principal irrigated areas are in Spokane County, where about
70 percent of the irrigated land is supplied by wells. The annual
pumpage for irrigation as of 1960 was about 40,000 acre-feet, or
about 36 mgd.
About 10 mgd is pumped from wells for industrial use in Spokane
County.
The ground-water supply of the Spokane Valley consists in substantial part of underflow from Lake Pend Oreille, which moves
southwestward beneath the Rathclrum Prairie in Idaho and enters
the Spokane Valley. The water under natural conditions emerged
in springs along the Spokane and Little Spokane Rivers at and
near Spokane. The current withdrawal in the valley amounts to
only a fraction of the underflow, and it results simply in a decrease
in the flow of the springs. The consumptive use amounts to perhaps
a quarter of the total withdrawal, so that something like threequarters is discharged into the Spokane Riner. The total flow of the
springs currently is reduced by only a few percent and the average
flow of the Spokane River by less than 1 percent as a result of the
use of ground water in the Spokane Valley.
Ground-water supplies in the rest of the subprovince also are
relatively lightly pumped and appear to be adequate to meet
anticipated needs.
Ground-water studies in the subprovince have been devoted almost
entirely to the Spokane Valley and related area. The resulting
reports are mentioned in the section on "Ground-Water Studies."
Few studies have been made in parts of the subprovince outside the
Spokane Valley. A brief open-file report was prepared by Foxworthy
and Wasliburn (1957a) on the Wellpinit area in southern Stevens
County. Additional detailed studies will be required only as ground-
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water withdrawals are undertaken, or proposed, on a scale that will
make haphazard development uneconomical.
PROBLEMS, PROSPECTS, AND NEEDS

Problems of water development and management in Washington
are complex because precipitation and water supply are highly
variable from place to place and both seasonally and from year to
year, water uses are varied and in part are competitive, and both
interstate and international interests are involved. The State (State
Officials, 1960, p. 367) believes that Washington's water-management
problems may be more complex than those in any other State, and
though this conclusion might be disputed by some other States there
is no question that Washington is among the leaders in water-problem
complexity as well as in water supply.
As can be said for numerous other States, the chief problems
relate to distribution. If precipitation and runoff were uniformly
distributed over the State and during the year, the total supply would
be more than ample to meet all foreseeable needs. The fact is,
however, that much of the water is not readily available where or
when it is needed, and some of it is too readily available in the form
of floods.
Floods are chiefly a wintertime problem in the relatively wet
western two-fifths of the State. In general, attempts to control floods
by means of projects designed for that purpose alone are not
economically feasible for floods of a size exceeding those to be
expected on the average at 5- to 10-year intervals; feasible protection
against greater floods generally is contingent on comprehensive
development of the water resources of a basin for multiple purposes
of which flood control is just one (idem, statement of Division of
Flood Control, State Department of Conservation, p. 373). Pending
the emergence of water-related needs on a scale justifying such
multiple-purpose development, flood control is largely a matter of
"defensive maintenance," on which about $1 million per year is
spent currently (idem, p. 374).
Upstream storage is recognized as the most effective means of
flood control. The watersheds of the 20 major streams on which the
great bulk of flood damages occur all exceed the 250,000-acre limit
for projects under which Federal assistance can be obtained under
the Watershed Protection and Flood Prevention Act of 1954. The
Corps of Engineers has studied 5 of the major streams and has found
that flood-reduction benefits alone do not justify the construction of
the facilities required for flood control. The State recommends
continuation of the "defensive maintenance" program; coordination
of planning to promote the recognition of situations justifying
multiple-purpose development; greater activity by the State in floodplain zoning as a means of reducing flood damage; better coordi-
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nation of individual works of improvement to avoid adverse effects,
such as erosion resulting from dredging for navigation; and participation of irrigation interests in the responsibility for maintenance of
channels used for long-distance transportation of irrigation water,
such as the lower Yakima River
The State Department of Health (idem, p. 374-375) calls attention
to the need for recognition of future needs for water of good quality
for public and industrial use. Control of quality at the source, by
preventing the discharge into the source of excess quantities of
harmful substances, is especially important because of the large
number of small public-supply systems that use untreated water
or lack facilities for undertaking the treatment of "difficult" waters.
Surface water supplies about five-eighths of the urban population
of about 2,200,000, and the surface flows available for use must be
maintained in adequate quantity to dilute to safe levels substances
whose entrance into the surface-water bodies cannot feasibly be
prevented entirely. Obviously, users of public and industrial supplies
as well as those affected by floods are vitally concerned with the
possibilities of multiple-purpose development which would maintain
greater low flows in streams. The State Pollution Control Commission (idem, p. 375-376) points out that the discharge of untreated
wastes is decreasing steadily as a result of development of improved
treatment facilities and of enforcement of the State laws governing
the discharge of polluting substances. The goal is to discharge waste
water not inferior in quality to that of the receiving stream, and is
especially important in eastern Washington where streamflow is
smaller than it is in the west.
Hydroelectric-power generation is important, as would be expected
in a State having large streamflow and many good sites for reservoirs.
Generation of power during the winter is the one important way in
which high winter flows in the western part of the State serve a
useful purpose, for these flows come at a time when flows available
for power generation in the Columbia River basin are low.
Electric power sells at low rates, and as a result the average consumption of energy in Washington was about 8,500 kilowatt-hours
per customer in 1957, as compared with a national average of 3,265.
The Division of Power Resources of the Department of Conservation
(idem, p. 372-373) expects that the demand will continue to rise and
will require the construction of additional water-storage and powergeneration facilities. In addition, the Division expects that hydroelectric power will have to be supplemented by thermal power to the
extent of 8 megawatts in the Pacific Northwest by 1985. Washington
has coal resources and undoubtedly will develop a part of the needed
fuel-electric Generating facilities.
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The Division of Power and the State Department of Fisheries and
Department of Game (idem, p. 376-379) recognize that difficult
problems of fish passage must be solved in the construction of new
dams, whether for power alone or for multiple purposes. Both fish
and game are affected by water-related problems in addition to fish
passage at dams, especially the quantity and quality of water in
streams as they affect fish and game habitat. Recreational interests
related to water also are multiplying and must be considered in
future water developments.
The Division of Water Resources of the State Department of
Conservation (idem, p. 372) points out the most important groundwater problems. There are two, and they are closely related. One is
the variation in availability of ground water from place to place
and the existence of large areas where supplies are meager. The
other is the lack, in spite of the substantial amount of ground-water
investigation completed to date, of sufficient information on lightly
populated areas to facilitate economical development of ground
water, and of sufficient quantitative information on more heavily
pumped areas to enable optimum development. The result is that
attempts to obtain ground water in undeveloped areas are tending to
outstrip existing knowledge about the occurrence of water, so that
money is wasted in fruitless drilling, or in drilling that is abandoned
too soon. And, in the tidewater parts of some developed areas, lack
of detailed knowledge has led to some encroachment of salt water.
The encroachment is not yet on a serious scale, but unless controlled
on the basis of good hydrologic information it could conceivably
cause long-lasting damage to valuable aquifers, or parts of them.
In general^ what might be called physical ground-water problems
salt-water encroachment, lack of productive aquifers in areas of
great need, and so on are not serious at present. Informational
deficiencies are significant, however. The State is well awrare of the
needs and is following a progressive policy of water investigation
and water management. It has a sound system of water law based
on the principle of prior appropriation, which provides a means for
encouraging the acquisition of rights to the profitable use of water
yet for protecting appropriators of water from the effects of overdevelopment and depletion. The general situation thus is promising.
WEST VIRGINIA

Large water resources, but mostly in streams of which the smaller ones
are somewhat variable in flow; ground-water supplies mostly small to moderate though locally large, especially along Ohio River; ground-water use small
part of rather large total use. Precipitation from as little as about 30 inches
in lowlands in eastern panhandle and about 40 inches along northwest and
southeast edges of State to perhaps 60 inches in highest part of Appalachian
Plateaus province in southeast; averages perhaps 43 to 45 inches. Runoff
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from about 12 or 13 inches along northwest edge and in extreme east to 30
inches or more in highest part; averages about 19 inches for total of 22 bgd.
State receives relatively little water from outside except from Virginia in
New River on southeast; has access to Ohio River along northwest edge.
Ground water available in small to moderate quantities from nearly
horizontal strata of sandstone, shale, coal, and limestone in Appalachian
Plateaus; in small to large quantities from folded carbonate rocks, sandstone,
and shale in east and southeast; and in moderate to large quantities from
alluvium along Ohio River and generally small quantities from alluvium
elsewhere.
Withdrawal use of fresh water in 1960 about 6,100 mgd, 87 mgd surface
water and 37 mgd ground water for public supply, 8.6 and 20 mgd for rural
supply, 5,900 and 73 mgd for industry including 3,700 mgd surface water for
public-utility fuel-electric power, and 1.1 and 0.06 mgd for irrigation. About
0.4 mgd of saline ground water used for industry. Hydropower use about
21 bgd.
Problems include pollution of streams by industrial and municipal wastes,
aggravated by low minimum flow of many streams; seasonal inadequacy of
readily available surface- and ground-water supplies in most of Appalachian
Pleateaus part of State; saline ground water at shallow depth in some areas
in that part; flash floods; increasing competition for water in urban areas;
and inadequacy of hydrologic information for planning. State affected by
unemployment resulting from decline and mechanization of coal industry.
Industries of other types being sought actively and to a considerable extent
successfully, and first steps taken toward comprehensive planning of future
water development; substantial progress already made in pollution abatement.
General outlook promising in spite of present difficulties.

West Virginia has large water resources and use and no extremely
critical water problems, except for widespread pollution of streams,
which is under active attack, and for floods. The State's economy
has lagged in recent years, largely because of the decline and
mechanization of the coal industry, but every effort is being made
to stimulate and diversify the economy.
A good general discussion of water problems and prospects in the
State is found in a recent report by J. F. Hoffman of the West
Virginia Institute of Technology (1962).
The State lies in the Unglaciated Central and Unglaciated Appalachian ground-water regions and in the Appalachian Plateaus and
Valley and Ridge physiographic provinces. The greater part of it
lies in the Appalachian Plateaus; a narrow strip along the southeast
edge and most of the eastern extension ("eastern panhandle") lie
in the Valley and Ridge province. The State is underlain by Precambrian "basement" rocks but these crop out only in tiny patches
in the east; in nearly all the State rocks of Paleozoic age are exposed.
The rocks in the Valley and Ridge province are largely of early
Paleozoic age carbonate roeks and interbedded sandstone and shale;
they are strongly folded along northeastward-trending axes and in
places are thrust faulted. The rocks of the Appalachian Plateaus
are largely of Devonian and later age and consist predominantly of
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sandstone and shale but include beds of coal and limestone; they
generally are horizontal or dip only rather gently, but in the
Allegheny Mountains they are more strongly warped.
The precipitation is prevailingly above the conterminous-State
average of 30 inches. It is least, about 30 inches, in lowlands of the
Valley and Ridge province in the southern part of the eastern panhandle. It is mostly about 40 inches in the east and along the
higher parts of the Appalachian Plateaus and is perhaps as much as
60 inches in the highest part, a little southeast of the center of the
State. The average has not been computed accurately but must be
in the neighborhood of 43 to 45 inches.
The annual runoff is least, about 12 or 13 inches, along the Ohio
River at the northwest edge of the State and in the extreme east
corner in the lowlands of. the Valley and Ridge province. It rises
above 30 inches in a belt in the east center making up a substantial
part of the Appalachian Plateaus. It averages about 19 inches in the
State, more than twice the conterminous-State average, for a total
of about 22 bgd. West Virginia receives relatively little water from
the outside except in the Ohio River, which forms the northwestern
border and increases in flow from about 26 ^ bgd as measured in
1941-57 at Bellaire, Ohio, just below Wheeling, W. Va., to about 50
bgd as measured in 1934-57 at Huntington, W. Va., just above the
mouth of the Big Sandy River (U.S. Geol. Survey, 1960b, p. 90-91).
The Big Sandy and Potomac Rivers form parts of the southwestern
and northeastern borders of West Virginia. The South Branch of
the Potomac brings in a little water from Virginia. The New River,
a tributary of the Kanawha River, brings in about 3.2 bgd from
Virginia as measured in 1927-57 at Glenlyn, Va.
West Virginia's runoff is discharged to the Kanawha River, the
largest stream within the State; to other tributaries of the Ohio
River including the Big Sandy River on the southwest and the
Monongahela on the north; and to the Potomac River.
In its own runoff and that available from outside, West Virginia
has a large surface-water supply. The main stems of the larger
rivers have relatively well sustained flows, the minimum flow of
record generally being no less than 1/15 to 1/25 of the average flow.
The smaller streams, especially those originating within the Appalachian Plateaus, are much flashier. Several of them which have
average flows of several hundred million gallons per day have been
dry at times, and several others which have average flows of more
than a billion gallons per day have had minimum flows of less than
10 cfs. Thus, in the absence of storage to augment low flows, the
availability of streamflow for water supply and waste dilution is
often a problem in a considerable part of the State in the summer
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and fall. This is especially true in occasional years of extreme
drought.
Water use is substantial, most of the water coming from streams.
The withdrawal use of fresh water in 1960 was about 6,100 mgd,
87 mgd of surface water and 37 mgd of ground water for public
supply, 8.6 and 20 mgd for rural supply, 5,900 and 73 mgd for
industry including 3,700 mgd of surface water for public-utility
fuel-electric power, and 1.1 and 0.06 mgd for irrigation. About
0.4 mgd of saline ground water was used for industry. Hydropower use was 21 bgd, about equivalent to the runoff within the
State.
OROrOSTD-WATER STUDIES

An extensive background of geologic information is available in
reports of the West Virginia Geological and Economic Survey
which relate principally to the coal and petroleum resources.
Specific studies of ground water have been made on a relatively
small scale, largely by the U.S. Geological Survey in cooperation
with the State Survey since 1941 and now also in cooperation with
the Division of Water Resources of the State Department of
Natural Resources.
Older publications of the U.S. Geological Survey include a number
relating to the geology of specific areas, some of which contain a
little information on ground water, and a few brief ones relating
specifically to ground water. The following folios of the Geologic
Atlas of the United States cover quadrangles in or partly in West
Virginia. Most of them contain some information on ground water.
Folio No.
10
26

Quadrangle^)
Harpers Ferry, Va.-W. Va.-Md__
Pocahontas, Va.-W. Va______.

Author(s)
Arthur Keith _ ..___._._
M. R. Campbell_____-

Year
1894
1896

28

Piedmont, W. Va.-Md_________

1896

32
34

Franklin, W. Va.-Va...________
Buckingham, W. Va________.

44
61
69
72
77
160

Tazewell, Va.-W. Va-__------Monterey, Va.-W. Va-_---_-_-Huntington, W. Va.-Ohio_____
Charleston, W. Va___-_---_---Raleigh, W. Va____-__________Accident-Grantsville, Md.-Pa.-W.
Va.
Pawpaw-Hancock, Md.-W. Va.Pa.
Kenova, Ky.-W. Va.-Ohio ______

N. H. Darton and J. A.
Taff.
N. H. Darton_--__.--_J. A. Taff and A. H.
Brooks.
M. R. Campbell _____
N. H. Darton-_-_--_-_M. R. CampbelL-______
-___do_____-__-_-----___.do.__________-____
G. C. Martin._________

179
184

G. W. Stose and C. K.
Swartz.
W. C. Phalen_________-

1896
1896
1897
1899
1900
1901
1902
1908
1912
1912

A little information on West Virginia is found in a report on the
glacial sediments and drainage features of the Lake Erie and Ohio
River basins (Leverett, 1902). A brief section on ground water in
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West Virginia is included in Water-Supply Paper 114 of the U.S.
Geological Survey (Fuller, 1905c). Brief reports on the water resources of a few quadrangles in, or including parts of, West Virginia are included in Water-Supply Papers 110 and 145: the Frostburg and Flintstone quadrangles (Martin, 1905), the Pawpaw and
Hancock quadrangles (Stose and Martin, 1905), and the Nicholas
quadrangle (Ashley, 1905). The information on the Pawpaw and
Hancock quadrangles is similar to that given in Folio 179.
Open-file reports, generally brief, describe ground-water conditions in a number of localities most of which are not covered by
published reports. These are listed below in chronological order.
Locality
Alderson area, Monroe and Greenbrier Coun-

ties (Federal Industrial Institution for
Women).
Reedsville, Preston County-_--_-_-_--_---Fairmont, Marion County_--____-___--____
Morgantown Metropolitan Water District,
Monongalia County.
Grafton, Taylor County____-_--_..-_----_-Area near Mouth of Big Sandy River, Boyd
County, Ky., and Wayne County, W. Va.
Point Pleasant, Mason County (West Virginia
Ordnance Works).
Buffalo, Putnam County. _________________
Martinsburg, Berkeley County-----_---____
Flemington, Taylor County__----------_--White Sulphur Springs, Greenbrier County
(U.S. Fish Culture Station).
Inwood, Berkeley County. ____^___________
Holly River State Park, Webster County____

Author(s)
Meinzer._.__________

Year
1927b

____do__._______-___
Nace____---_-_-_.-___
____do-___-___-----_

1933
1942a
1942b

____do_-___-------__-__do__-_--________

1942c
1942d

Kazmann, Jeffords,
and Schaefer.
Jeffords.. ____________
___-do-____-_-__-_-Griggs. _____________
Smith.____-_____-__-

1943
1944
1945c
1949
1952

Graeff_______________
Meyer. _____________

1953
1958b

Similar open-file reports discuss subjects of general interest in
West Virginia ground water in the State as a whole (Jeffords, 1943;
Carlston, 1954) and ground water for mining communities (Jeffords,
1949).
Several counties or other areas are described in relatively comprehensive reports published by the West Virginia Geological Survey,
as follows:
Publication No.
V. 22, pt. 3____

Bull. 14_______
Bull. 15_______
Bull. 20-______
Bull. 2l-___.__

Ohio

River

Area,
valley

in

West

Virginia.
Harrison County----------.-.
Monongalia County---------Kanawha County (water resources).
Berkeley and Jefferson Counties.

Author (s)
Carlston and Graeff _

Yecfr
1955

Nace and Bieber___
Carlston____-__-_
Doll and others-- __

1958
1958
1960

Bieber.--.-------.

1961
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Jeffords (1945a) describes ground-water conditions along the Ohio
Eiver at Parkersburg. Jeffords and Nace (1946) describe groundwater conditions at Charleston. Smith and others (1955) describe
the water resources of the Wheeling, W.Va.-Steubenville, Ohio,
area in one of the "metropolitan-area" reports of the U.S. Geological Survey. Several journal articles describe general ground-water
conditions and the ground-water program in West Virginia; those
by Price and Nace (1943) and Johnston (1949) are typical.
Erskine (1948) describes the principal springs of West Virginia.
Meyer (1960) describes the chemical composition of fresh ground
water in the State. Jeffords (1945b) discusses the use of fresh ground
water in secondary-recovery operation in oil fields in West Virginia.
Stringfield and Smith (1956) discuss the relation of geology to
the large floods and landslides that accompany some heavy rains in
mountainous areas of West Virginia.
A study is underway in Mason and Putnam Counties, in the
Kanawha Eiver basin below Kanawha County, and a report is in
preparation.
GROUND -WATER RESOURCES AND DEVELOPMENT

Ground water accounted for only about 3 percent of the total
withdrawal use of water in West Virginia in 1960, but its importance in the State is far greater than this low proportion would indicate. It supplied 369 of the 494 public water-supply systems and
about 450,000 of the 1,250,000 inhabitants served by those systems.
It met the domestic requirements of virtually all the rest of the
State's 1960 population of 1,860,421. Thus more than a million
people got their drinking water from wells and springs. Hundreds
of commercial and industrial establishments are self-supplied with
ground water, and these pumped 73 mgd of the total of about 130
mgd of ground water used in the State. There is very little irrigation in the State, and according to the figures of MacKichan and
Kammerer (1961b) an average of only about 60,000 gpd of ground
water was used for this purpose in 1960.
By far the most productive major aquifer of West Virginia is
the alluvium largely glacial out wash along the Ohio River (Jeffords, 1946). The productive alluvial deposits range in width from
virtually nothing, where the river swings against bedrock bluffs on
the West Virginia side, to several miles and in thickness from a few
feet to 100 feet or, rarely, more. They yield as much 1,000 to 3,000
gpm each to vertical wells and "horizontal collectors" caissons sunk
into the sand and gravel from which slotted pipes are thrust out
horizontally .in a radial pattern. The city of Parkersburg obtains
its public water supply from collectors. Wheeling considered using
ground water to replace water of unsatisfactory quality from the
river, but the river water has improved somewhat and the city is
671316 O 63
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still using it, though water from one well also is being used. Huntington, Sisterville, Keiiova, and Weirton also use river water; the latter
is investigating the feasibility of a ground-water supply. Other,
smaller cities along the Ohio use ground water. Many industries
also are supplied from wells. During World War II the West Virginia Ordnance Works at Point Pleasant pumped as much as 20 mgd
from 6 collectors penetrating an average of only 35 feet of waterbearing sand and gravel above bedrock. The computed minimum
sustained yield of the collectors, which would be obtained during
the winter when the viscosity of the water induced to infiltrate
from the river was highest, was 10,000 gpm, or 14 mgd (Kazmann
and others, 1943, p. 74).
Most wells along the river from which substantial quantities of
water are pumped obtain a part after long-continued pumping,
the greatest part of their water by induced infiltration from the
river. The quality of the river water therefore is important. The
Ohio River has long been noted as a heavily contaminated stream,
owing to the large population and many industries that discharge
their wastes into the river. Through the Ohio River Valley Water
Sanitation Compact, great progress has been made in recent years
in reducing the quantities of untreated wastes discharged into the
river, and the quality of the water has improved. Furthermore,
much of the objectionable material is filtered out of the water induced to infiltrate to wells. One of the most objectionable substances is phenolic wastes, which when present in concentrations of
only a small fraction of a part per million impart an objectionable
taste and odor to the water and which are not removed by ordinary
techniques of water treatment. Noecker and others (1954, p. 46),
in their report on the Pittsburgh area, -describe the contamination
of water obtained from infiltration galleries, or "cribs," sunk a few
feet into the river bottom. On the other hand, the experience at
the West Virginia Ordnance Works and at the Indiana Ordnance
Works at Charlestown, Ind. as well as that of users of ordinary
tubular wells all up and down the Ohio River suggests that
phenolic contamination is rarely a serious problem if the water is
taken some tens of feet below the level of the river bottom, so that
the water infiltrates slowly over a larger area and travels farther
than does water pumped from a gallery placed just below the river
bed. In part at least, the phenolic wastes as well as some other contaminants seem to be trapped in the thin layer of fine-grained sediment and organic matter on the river bottom, which is something
like the familiar "filter cake" that forms on filters in waterworks.
Pathogenic bacteria also are seldom a problem in ground water,
though much of the water to be used for drinking is chlorinated
as a matter of course. (See Kazmann, 1948, p. 411-412.)
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A substantial part of West Virginia's 1960 total of 130 mgd of
ground water was pumped along the Ohio River. The potentially
available supply is very much larger, being limited only by the
minimum streamflow and by practical considerations such as extent
of consumptive use and of competing uses by others, economics of
constructing and pumping wells, effect on water quality of more
intensive use of the river, and so on.
The water from the alluvium is typically hard to very hard and
commonly contains objectionable concentrations of iron. Otherwise
its chemical quality is generally satisfactory.
Alluvium along other streams within or adjacent to West Virginia
is a much less productive aquifer, and conditions for induced recharge are less favorable. Alluvium reaches a considerable thickness along the Kanawha River and is especially important in the
middle and lower reaches, but it does not compare in productivity
with that along the Ohio. Jeffords and Nace (1946, p. 1310), in
their paper on the Charleston area, stated that considerably more
water could be pumped from the alluvium of the Kanawha River
than was then being used. The total pumpage of ground water in
the area was about 2.4 mgd, but most of the water came from sandstone in the bedrock beneath the alluvium. The Big Sandy River
from its name might be expected to deposit rather permeable alluvium, but the sand is mostly fine grained and the alluvium of the
Big Sandy is not especially productive as compared to that of the
Ohio. The same is true in general of the alluvium of other streams
in the State. The Monongahela River is one of the two principal
streams forming the Ohio River at Pittsburgh, but the alluvium it
supplied to the Ohio River at the time the main body of the alluvium was being laid down in late Pleistocene time was fine grained,
whereas that supplied by the melt-water-fed Allegheny River and
other streams from the north was coarse in texture and great in
quantity.
Next to the alluvium of the Ohio River, the best aquifers in West
Virginia are the carbonate rocks of the Valley and Ridge province
along the southeast edge and especially in the eastern panhandle.
As in nearby States that include areas within that province, the
carbonate rocks are prevailingly better aquifers than the other sedimentary rocks of Paleozoic age and the crystalline rocks of Precambrian age. Wells yield small to large supplies, the more productive ones generally yielding 100,000 to 600,000 gpd. Springs are
abundant and some are of large average yield, though the flow of
most is somewhat variable. In his compilation of spring records,
Erskine (1948, p. 8-30) lists 208 springs in the State whose estimated minimum yield is 100 gpm or more. Of these, 125 are in the
8 counties of the eastern panhandle, which lies almost wholly in
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the Valley and Eidge province. During the wet summer and fall
of 1945, 63 of the 208 springs discharged more than 1,000 gpm at
least at times, and 1, near Hillsboro in Pocahontas County, was
measured at 15,200 gpm on July 23, 1945. To show the variability
of the springs, the large one mentioned above flowed only 1,440 gpm
on October 17, 1945, and another spring in Pocahontas County
which yielded 1,640 gpm on July 24 was dry on October 17.
The U.S. Geological Survey is measuring the yield of two of the
largest springs in the State Big Spring near Masonville in Grant
County and McLaughlin Spring at Edray in Pocahontas County.
Their respective average yields are about 6,010 and 4,140 gpm, but
the flow is variable. That of Big Spring has been as great as
269,000 gpm and as little as 2,200 gpm, that of McLaughlin Spring
as great as 68,200 gpm and as little as 121 gpm.
Even though the spring flow is variable, the storage of ground
water in the carbonate rocks produces higher minimum flows in
streams than does the smaller storage in the rocks of the Appalachian
Plateaus. Thus the streams in the Valley and Ridge province are
among the best sustained in the State, even though the average runoff in that province is less than in the Plateaus.
As can be inferred from what has been said, the Appalachian
Plateaus province, occupying the greater part of the State, is the
area of poorest ground-water conditions. The principal aquifers
are sandstone beds of late Paleozoic principally Carboniferous
age. Limestone, coal, and locally brittle, fractured shale also yield
some water.
Wells and springs typically yield 2,000 to 80,000 gpd, mostly from
sandstone. Locally, under exceptionally favorable conditions, individual wells have yielded as much as 500,000 gpd.
The areas of principal present or expected ground-water development in West Virginia are the Ohio and Kanawha~ River valleys,
the Monongahela River valley north of Grafton in Taylor County,
the Greenbrier River valley south of central Pocahontas County,
and the Valley and Ridge province in Jefferson County and most
of adjacent Berkeley County. Industrial use of ground water is
greatest along the Ohio River and in the Kanawha valley in the
vicinity of Charleston. Public-supply and rural domestic wells of
course are found throughout the State.
Heavy industry is growing along the Ohio and Kanawha valleys,
and light industries are being sought for other areas. Reforestation
as a means of puttiaag the lagging timber-products industry on a
sustained-yield basis is another important goal. ^Recreational activities are of sustantial present and potentially very much greater
future importance. In 1961 the Secretary of the Interior announced
a plan, under the Area Redevelopment Act, to provide additional
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recreational facilities in West Virginia as a means of stimulating
the State's economy (National Wildlife Federation, 1961, p. 13).
The announcement pointed out that 60 million people live within
300 miles of the recreational areas of eastern West Virginia.
All present uses of water are expected to grow, with the possible
exception of rural domestic use. The total population of the State
declined by 7.2 percent from 1950 to 1960 and there was a pronounced movement of the rural population to the cities. The decline
in total population very likely will be reversed if economic conditions improve, and at least the per capita use of water by the rural
population will increase. Other rural uses of water, such as those
related to recreation and reforestation, may be expected to increase
substantially.
Irrigation is still a minor use and has not grown much since the
drought of the early 1950's, but it too may be expected to increase,
especially along the Ohio River where the valley floor is widest
(Jackson and Mason Counties), in the eastern part of the eastern
panhandle, and in the Greenbrier River valley.
PROBLEMS, PROSPECTS, AND NEEDS

Pollution of streams is the chief water problem recognized by
the State, most of whose brief statement to the Senate Select Committee on National Water Resources (State Officials, 1960, p. 380382) is devoted to that subject. In recognition of the need for a
broader program, the State Legislature in 1959 formed a new Water
Resources Commission. The new agency replaced the State Water
Commission, whose activities had been directed solely toward pollution control. In 1961 the new agency was redesignated the Division
of Water Resources of the newly created State Department of
Natural Resources.
Sources of polluting substances can be divided into five categories municipal, industrial other than those of the coal industry, coal washing, mine drainage, and strip mining. Progress in
control of municipal wastes is substantial in spite of the financial
burden imposed on cities having limited resources; Federal grantsin-aid have helped considerably. Industrial wastes include those from
tanning, paper and bag, stone-washing, meat-packing, canning, milkprocessing, chemical, coke, petroleum-processing, and metalworking
plants. Some of the wastes are difficult and expensive to treat, and
progress is slow and costly.
Coal-washing wastes are the principal industrial pollutant in the
area south of the Kanawha River. Under a permit system which went
into effect in 1953 new operations are handled readily, and installations in operation as of 1960 were expected to be under control
within 2 years.
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Acid mine drainage from both deep and strip coal mines and
sediment from the latter create a difficult problem, as in other coalmining States. The problem in West Virginia is most severe in the
northern part of the State. A control program has been proposed by
the Ohio River Valley Water Sanitation Commission, and West
Virginia stands ready to cooperate (idem, p. 381).
The State expects that municipal, industrial, and coal-washing
wastes will be progressively reduced and that future emphasis will
shift to mine drainage and strip-mine control and control of domestic
wastes from unincorporated areas and individual rural homes.
Floods are a problem, especially flash floods on small streams
which may become entirely dry during droughts. Stringfield and
Smith (1956) describe the effects in the Petersburg area in Grant
County of heavy rains on June 17 and 18, 1949. The rains, which
totaled as much as 16 inches in 24 hours, caused a record flood on
the South Branch of the Potomac River near Petersburg. They
caused also several landslides on the steep east slope of North Fork
Mountain. In one slide a water-saturated mass of soil, rocks, and
trees and other plants from an area 1,140 feet long slid about l 1/^
miles to the North Fork of the Potomac, descending some 1,640 feet
in the process and leaving a prominent scar on the hillside. Similar
scars, now partly or fully revegetated, show that similar events have
happened in the past.
Very likely nothing cam be done to prevent similar slides in the
future, so long as steep slopes underlain by weathered rocks exist
and such heavy rainfalls are possible. Floods resulting from smaller
rains can be controlled, but not easily or inexpensively. Under- the
Watershed Protection and Flood Prevention Act and in other programs there will doubtless be considerable progress in the future, but
flash floods from hea^y rains on small watersheds will always be a
problem; Several ^Watershed" projects of the Soil Conservation
Service were completed or, under construction as of 1960; and about
a dozen reservoirs controlling larger drainage areas were completed,
under construction, or^authorized under the program of the Corps
of Engineers. A great deal remains to be done in flood control in
West Virginia, and one important factor will be growth of the
economy to the point that the value of flood-threatened activities will
increase enough to justify the construction of projects that are not
now economical.
GROUND-WATER PROBLEMS

That ground-water, problems are not mentioned in the State's
report* to. the Senate Select Committee shows that such problems are
not critical at present in comparison to those created by pollution
and floods. And, even problems of pollution and floods are no more
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critical in West Virginia than they are in other States of similar
climate, geology, and population density.
Such ground-wTater problems as exist can be discussed in accordance with categories of water use.
INDUSTRY

Many ground-water problems are related to surface-water problems, especially stream pollution. Pollution may make surface water
so costly to treat as to necessitate the development of ground water
in areas where ground-water supplies are not easy to obtain.
Abatement of stream pollution will stimulate industrial growth,
which in turn will increase the demand for ground water for at least
potable supply and under favorable conditions for industrial uses.
As surface-water quality improves, so will the quality of ground
water supplied in part by induced infiltration. Also, pollution-abatement measures that reduce the deposition of solid wastes on stream
bottoms and permit the scouring away of such wastes deposited in
the past will improve the infiltration capacity of the streambeds.
Efforts to attract light industry will bring problems of ascertaining
the availability of ground water. For much of the State the most
productive ground-water areas have not yet been delineated. Except
for the Ohio and Kanawha valleys, the most promising area is the
Valley and Ridge province, but growth there may be slow because
of the small population and, hence, limited labor force.
In the Appalachian Plateaus the prospects for establishing industries depend on local availability of ground water or of surface
water acceptable in quality and adequate in quantity during dry
periods. Ground water is saline below depths of 200 to 300 feet in
much of the Plateaus, and acidic, iron-bearing water is associated
with coal beds and pyrite (iron sulfide) bearing shale beds. Acid
water associated with coal mining and saline wraste water of the petroleum industry create local problems and must be guarded against in
developing ground water. Special care in construction and operation
of wells, on the basis of knowledge of the local geohydrology, may
make ground-water development successful in generally unpromising
areas. In the Plateaus, as in many other areas of generally unfavorable ground-water conditions in the United States, detailed
study and exploration have a way of revealing many productive
localities whose presence cannot be inferred from the meager existing
information. Hence, detailed ground-water studies promise to pay off
in terms of economy-stimulating industrial development, but at the
same time they constitute a problem in that to make them takes
time and money.
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PUBLIC SUPPLY

Except for Parkersburg the major cities use surface water for
public supply. Most of the smaller municipalities use ground water.
Competition for available supplies between industries and municipalities has already begun in some localities, especially along the
Ohio River where both population and industry have grown most
rapidly. In order that the competition may not become destructive,
more detailed knowledge of the local water-bearing and infiltration
characteristics of the alluvium and of the most effective methods of
well construction and operation is vitally needed.
Several public water supplies obtained from wells have been abandoned as a result of contamination of the ground w^ater by brines,
chiefly from oil and gas fields.
The town of Nitro in Putnam County is investigating alternate
sources of water to replace the supply from the Kanawha River,
which along with the Ohio is still rather seriously polluted in spite
of considerable progress in abatement.
RURAL

SUPPLY

Ground-water problems relating to rural water supply are chiefly
those of quality, though problems of obtaining adequate quantities
are close behind. The principal objectionable properties are iron
content and hardness. In areas of acidic water, iron may occur in
such high concentrations as to make ineffective the iron-removal
devices commonly used for household supplies. In some places water
of better quality can be obtained by relocating wells, casing off
certain aquifers, or drilling to deeper aquifers. Needless to say, such
measures to be effective require detailed knowledge of the local
ground-water geology, not now available for most of the State's area.
OiL'and gas development has resulted locally in contamination of
miral as well as public-supply wells. The problem is especially
prevalent in parts of Tyler and Doddrkige Counties.
As in the Cumberland Plateau in Virginia and elsewhere in the
coal-mining areas of the Appalachian Plateaus, the water table has
been-1 lowered locally by the draining action of the mines, making
ground water for domestic supply either unavailable or available
only at considerable depth.
IRRIGATION

Supplemental irrigation is practiced locally, especially along the
Ohio River and in the V-aMey ami Ridge province. The bulk of the
water is obtained from streams, ponds, and springs. Only one well
is known to have been drilled specifically for irrigation as of 1960,
but of course the water 'from springs and no doubt a part of the
water taken from ponds and streams represents ground water. The
average withdrawal in 1960 is estimated by MacKichan and Kam-
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merer (1961b) at 1.1 mgd for surface water and 0.06 mgd for ground
water.
The number of irrigators increased sharply during the drought
of the early 1950's, but in the last half of the decade remained nearly
constant at a little above 50. In time the practice of supplemental
irrigation undoubtedly will increase as its advantages, even in years
of normal precipitation, are realized, and problems of competition
between irrigators and competition with other uses will develop.
Problems of obtaining sufficient water of good quality, even in the
absence of competition, also will arise. At present, however, irrigation has created no substantial problems.
WATER RIGHTS AND WATER MANAGEMENT

By and large, problems of competition for water resulting from
increasing withdrawals in areas of limited supplies are just beginning to emerge. Accordingly, there has been little need for establishment of a system of water law designed to settle disputes among
water users. Little of the existing statutory or case law in West
Virginia relates to water rights, and virtually none of it to groundwater rights. Most of the cases heard to date involve protection of
property against water damage and thus relate to disposal rather
than use of water. In general, West Virginia follows the riparian
doctrine. There has been some consideration of whether a statutory
system of water-rights acquisition should be established before problems of competition become acute, but the prevailing opinion seems
to be that the State should proceed slowly in this direction.
The 1959 action of the Legislature establishing the Water Resources Commission broadened the duties of the former State Water
Commission to cover all aspects of water resources, and resulted in
adoption of a general policy looking toward total development of
those resources for maximum beneficial use. In addition to its duties
related to pollution abatement, the new Commission was instructed
to gather data on water resources and to develop detailed plans for
development of water in the principal drainage basins. It was also
designated as the agency responsible for administering such waterrights laws as the Legislature might later enact. It was authorized
to enter into compacts or other agreements with other States involving interstate waters, in addition to its activities as a member of the
Ohio River Valley Water Sanitation Commission and the Interstate
Commission for the Potomac River. Additional authority in regard
to management of the State's water resources was given to the Commission in the 1961 legislation reassigning it as the Division of
Water Resources of the State Department of Natural Resources.
More than half the land area of the State is covered by the 35,000
farms that have been gathered into soil-conservation districts. The
operations of these districts have acted to retard runoff from small
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storms, protect the soil against erosion and loss of fertility, and
conserve soil moisture. Under favorable conditions where the increase in infiltration of water into the soil exceeds the increased
discharge of water by evapotranspiration from a heavier cover of
vegetation they no doubt have increased ground-water recharge
over the former rate and so will help to maintain ground-water
supplies and increase the low flow of streams. Further increases in
protection against floods and erosion are being realized through the
Watershed Protection and Flood Prevention Act (Public Law 566),
under which several small dams have been built by the Soil Conservation Service and seven more were under construction as of 1960.
Municipal water supply is now recognized as one of the activities
to benefit from the construction of reservoirs under this program.
The Salem Pilot Watershed at Salem in western Harrison County
was one of the pioneer projects under the program and has received
national recognition.
The program of the Corps of Engineers is designed for flood
protection and improvement of navigation. Incidental benefits are
increased low flows available for water supply, generation of power
at some dams, and provision of recreational opportunities. As part
of a long-range program the Corps is gradually replacing existing
navigation dams along the Ohio and Kanawha Rivers with a smaller
number of higher dams. In addition to providing improved conditions for navigation, the dams will raise the average level of the
river and of the adjacent water table, and so will increase the availability of ground water. The rise in water level also will improve
the conditions favoring induced infiltration, at least until and unless
sediment deposited in the pools reduces the infiltration capacity of
the streambed.
In addition to the activities mentioned previously, there has been
an encouraging beginning in informal but nonetheless effective cooperation among industries in regard to problems of mutual interest.
For example, three large industrial concerns operating on the Washington Bottom of the Ohio River south of Parkersburg cooperatively
maintain observation wells to keep track of the effects of their
ground-water pumping, and hold periodic meetings to discuss means
of maintaining optimum conditions of ground-water development.
This and a few similar arrangements represent about all that is
being done in planned ground-water management in West Virginia,
but they are a promising sign of recognition by water users that they
themselves have a primary responsibility to take a hand in solving
Iheir own water problems.
* More intensive studies of ground water are needed in all parts of
West Virginia to provide the hydrologic information needed for
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effective large-scale water management under conditions that are
already here or are just across the threshold. Needed especially are
quantitative studies of aquifers in areas of present or prospective
heavy pumping; reconnaissances of the little-known areas that make
up the greater part of the State's area, to provide a basis for more
successful and economical development of domestic water supplies;
and delineation of areas capable of yielding supplies adequate for
municipal and industrial use in regions of generally unpromising
ground-water conditions areas of which a few are already known
to exist and many more surely await discovery.
Insofar as can be inferred from the available data, it seems that
the ground-water resources of West Virginia will be adequate to
meet the foreseeable demands. The alluvium of the Ohio valley is
capable of yielding much more than even the substantial current
pumpage. The alluvium of the Kanawha valley, though much less
productive, is capable of yielding many times as much as the small
quantity of water now being withdrawn from it. The limestone
valleys of the Valley and Ridge province represent a large and
virtually untapped source of well and spring water for public, industrial, and irrigation supply. The Appalachian Plateaus, though on
the whole the least productive as well as the largest ground-water
area, offer substantial opportunities for location of hitherto unknown
productive aquifers and development of more efficient and economical
methods of obtaining water of good quality in adequate quantity
for domestic use. Together with West Virginia's large but only
partly controlled supply of surface water, the ground-water resources
can make a large and vital contribution to the future economic
well-being of the State.
WISCONSIN
Large water resources and use, few critical problems; principal deficiency
related to ground water is inadequacy of detailed information for planning.
Precipitation from 28 inches or a little less to perhaps 33 inches; averages
30 to 31 inches. Runoff 10 inches or less in southern part, perhaps 7 or 8
inches at south edge; is 6 to 10 inches along west edge and 10 to about 13
inches in north center and northeast; averages about 10 inches for total of
27 bgd. State receives little water from outside, but Mississippi and St. Croix
Rivers form most of western boundary and Menominee River part of northeastern boundary; State has access to Lake Superior along part of north
edge and to Lake Michigan along entire east edge.
Ground water available in moderate to large quantities in southern part
of State, from sandstone and carbonate rocks of Paleozoic age and glacial
outwash of Pleistocene age. In northern part of State bedrock yields little
water; there are productive aquifers in glacial drift but many are buried
and must be located by drilling or geophysical surveys. In parts of eight
counties in center the drift is thin and not very productive and bedrock also
yields little water.
Water use rather large. In 1960 withdrawal use of water, all fresh, was
about 4,100 mgd, 210 mgd surface water and 160 mgd ground water for
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public supply, 14 and 130 mgd for rural supply, 3,400 and 230 mgd for
industry including 2,900 mgd surface water for public-utility fuel-electric
power, and 3.3 and" 12 mgd for irrigation. .Only a small fraction of total
withdrawal used consumptively. Hydropower use about 99 bgd.
Few critical problems of water supply under current conditions. General
problems relate to gradually increasing need for coordination and control of
potentially competing water ufces including water supply for public, industrial, rural, and irrigation use and power generation; dilution of wastes
including heat; recreational uses and fish and wildlife; and navigation. Floods
not serious in comparison to those in States of higher* relief, greater or more
torrential rainfall, or less permeable surflcial sediments. Ground-water
problems include competition among different uses, especially in MilwaukeeWaukesha and other highly populated areas; inadequacy of supplies in one
central area; mine dewatering in lead-zinc district in southwest; quality
of water, especially iron and manganese content; potential encroachment of
saline water in east and northwest; potential contamination by industrial and
domestic wastes; and inadequacy of detailed information as basis for most
effective development. State active in water legislation and planning and
increasing activity in hydrologic investigations; general situation satisfactory.

Wisconsin is a Midwestern State of large water resources and use
and few critical problems at .present; ground water is an important
resource that is developed only rather lightly in relation to its
potential.
The State is divided between the Central Lowland and Superior
Upland physiographic provinces. The Superior Upland is the lakedotted glaciated area roughly north of the latitude of Eau Claire.
The Central Lowland is divided approximately between the Eastern
Lake section on the east and the so-called Wisconsin Driftless section
on the west; the Till Plains section occupies a small triangle in the
south center.
Though not high in elevation above sea level, Wisconsin is a
structurally high State in which Precambrian rocks crop out at the
bedrock surface in a large area most of the north half. Granite,
gneiss, gabbro, and porphyrytic rocks of several kinds are the chief
types in a large area extending from central Wisconsin to the
Michigan border northwest of Green Bay. The northernmost and
northwestermnost parts of the State are underlain mostly by gabbro
and sandstone.
Dipping westward, southward, and southeastward off the Precambrian rocks are stratified sedimentary rocks of Paleozoic age.
They am largely sandstone of Late Cambrian age for some hundreds
of feet above the base. Next is a series of largely dolomitic strata
of Ordorvician age, missing in places, and then the St. Peter Sandstone, ..also of Ordovician age and also missing in places. Next is a
series of limestone and dolomite beds and some, shale, and at the top
of the Ordovician in the State are the Maquoketa Shale and the
iron-bearing Neda Formation. Next are dolomite strata of Silurian
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age of which the principal formation is the Niagara Dolomite. Shale,
dolomite, and limestone of Devonian age crop out at the bedrock
surface in a narrow strip at the east edge of the State in Sheboygan,
Ozaukee, and Milwaukee Counties, and black shale of Mississippian
age in a very small area on the extreme east.
The period between the Mississippian and the Quaternary is represented by only one stratigraphic unit, the Windrow Formation, a
thin gravelly deposit of Cretaceous or Tertiary age capping hills in
the "Driftless" area of southwestern Wisconsin.
For a long time it was thought that the continental glaciers of
the Pleistocene Epoch, which extended southward to central Missouri
and southern Illinois and Indiana, had left uncovered a large area
including southwestern Wisconsin (a wide belt reaching from St.
Croix and Barren Counties on the west to Portage County in the
middle and extending southward to take in counties as far east as
Sauk, western Dane, and southwestern Rock), narrow strips in
adjacent Minnesota and Iowa, and the northwesternmost corner of
Illinois. This belief was based on the absence of typical glacial
deposits in the "Driftless" area. In recent years, however, there has
been a change in thinking. Black (1960) describes isolated deposits
which occur in all but La Crosse County, Wis., in the so-called
Driftless area, and calls attention to local contortion of the bedrock,
the absence of thick residual soils and of weathering in the deposits
themselves, and the absence of old deposits of loess. All these
features, he believes, can be explained only by glaciation of much
if not all of the "Driftless'' area during early Wisconsin time or of
the whole area during a pre-Wisconsin glaciation.
Whether or not the "Driftless" area was glaciated, the only
important glacially derived deposits in that area are of external
origin the valley fill of certain large streams and the outwash
deposits of central and southwestern Wisconsin.
The rest of the State has thicker deposits of drift. The drift is
thickest in the northern and eastern parts of the State, where both
late Wisconsin and earlier deposits are present. The older drift
extends beyond the younger in the west-central and south-central
parts of the State, where it is rather thin.
Thick and permeable deposits of glacial outwash lie along certain
large streams, and less important deposits along smaller streams. The
principal deposits are along the Mississippi River, the St. Croix
River in St. Croix and Pierce Counties, the Chippewa River below
central Chippewa County, the Wisconsin River from south-central
Lincoln to east-central Wood County and below southwesternmost
Columbia and southeastermnost Sauk Counties, and the Rock River
below southwesternmost Jefferson County.
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An extensive sandy outwash plain occupies an area of about 3,000
square miles in southwest-central "Wisconsin. The boundary runs
from north-central Portage to northeasternmost Sauk County, then
westward and northward to northeasternmost LaCrosse and westcentral and north-central Jackson Counties, and eastward and northeastward to the beginning. The sand presumably was deposited
largely by melt water flowing along the Wisconsin River, though
no doubt other melt-water streams also took part.
The till and morainic deposits where thin generally contain little
permeable sand and gravel. The principal area of thin drift (other
than the "Driftless" area) is north of the sand-plain area just
described. It is of about the same size or a little larger and extends
northward into Taylor, Lincoln, and Langlade Counties. To the
northwest, north, east, and southeast the younger drift is present,
the total thickness of drift is relatively great, and bodies of outwash
sand and gravel lie on the surface or are scattered through the body
of the drift.
The normal precipitation is moderate rather than high but is
effective in producing substantial runoff and ground-water recharge
because the climate is cool. It ranges from 28 inches or a little less in
the extreme northwestern part of the State to something more than
32 inches in the southern and north-central parts of the State. It
averages 30 to 31 inches in the State as a whole. It is rather evenly
distributed during the year, and a considerable part of it is received
in the form of snow during the winter. As in all other States, it
does vary considerably from periods of wet to periods of dry years.
The greatest part of thej£>tate (70 percent) drains to the Mississippi
River through the St. Croix, Chippewa, Black, Rock, Pecatonica,
Fox (Illinois), and Wisconsin Rivers and smaller streams. A rather
small area in the northern part drains to Lake Superior through
short streams, and a sizable area in the northeast and east center
drains to Green Bay through the Menominee, Oconto, and Wolf and
Fox Rivers. Eastern Wisconsin is drained by the Manitowoc,
Sheboygan, and Milwaukee Rivers and smaller streams.
The annual runoff is perhaps a little less than might be expected
from the cool climate, probably as a result of the low relief of the
State and the presence of large glaciated areas having poorly integrated drainage and many lakes and swamps, and the consequent
opportunity for large discharge of water by evapotranspiration. The
runoff is prevailingly less than 10 inches in an area that covers
the southern half of the State and swings northward to take in a
belt a few tens of miles wide along the west edge. It is about 6
inches at the extreme west edge of the State. It rises northward
and northeastward to perhaps 13 inches along the north-northeast
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edge. It averages about 10 inches, for a total of about 27 bgd from
Wisconsin's 56,154 square miles.
The State receives little water from outside, except that major
bodies of water form large segments of its borders. The Mississippi
Kiver forms the southern part of the western boundary and increases
in flow from about 9% bgd at Prescott, just inside the western
boundary (1928-57; U.S. Geol. Survey, 1960b, p. 92-93) to about
16 bgd at Winona, Minn. (1928-57), above LaCrosse, Wis. The flow
continues to increase southward, being about 21^2 bgd at McGregor,
Iowa (1936-57; idem, p. 28-29), just below Prairie du Chien, Wis.,
and above the mouth of the Wisconsin Kiver. At Clinton, Iowa,
about 50 miles south of the Wisconsin line, the flow is about 30 bgd.
The St. Croix Kiver forms the Wisconsin-Minnesota border north
of its junction with the Mississippi. Its flow is about 0.8 bgd (191457) at Danbury, Wis., and 2.6 bgd at St. Croix Falls (1902-05;
1908-57).
The Menomimee Kiver forms a segment of the Wisconsin-Michigan
line northwest of Green Bay of Lake Michigan, increasing in flow
from 1.2 bgd at Iron Mountain, Mich. (1914-56), to 2.05 bgd at
Koss, Mich. (1907-08, 1913-56).
Lake Superior forms the northern boundary from Douglas to Iron
County, and Lake Michigan (including Green Bay) the entire eastern boundary.
Thus Wisconsin has a very large surface-water supply, both in
its own runoff (which feeds thousands of lakes, especially in the
northern and eastern parts) and in the bodies of fresh water that
bound it on the west, north, and east.
Water use is rather large, most of the water at present coming
from streams and lakes though ground-water pumping is substantial.
The total withdrawal use of water, all fresh, in 1960 was about 4,100
mgd, about 210 mgd of surface water and 160 mgd of ground water
for public supply, 14 and 130 mgd for rural supply, 3,400 and 230
mgd for industry including 2,900 mgd of surface water for publicutility fuel-electric power, and 3.3 and 12 mgd for irrigation. Hydropower use was about 99 bgd, equivalent to nearly 4 times the runoff
from within the State, and Wisconsin ranked seventh among the
States in this use.
Of 570 public water supplies, 549 were obtained from the ground
and 21 from surface sources. In addition, 11 communities obtained
water from nearby ground-water systems and 12 communities
obtained water from nearby surface-water systems.
GROUND-WATER STUDIES

Information on or pertinent to ground water in parts of Wisconsin
is found in a few of the older reports of the Federal and State
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Geological Surveys. So far as ground water is concerned, the older
information is summarized adequately in Bulletin 35 of the Wisconsin Geological and Natural History Survey, prepared by Samuel
Weidman of the State Survey and Alfred R. Schultz of the U.S.
Geological Survey and published in 1915. The report describes the
geography and geology of the State, the principles of occurrence
of ground water, artesian conditions and flowing wells, springs and
mineral waters, and the chemical quality of ground water. It summarizes the availability and quality of surface water also. It then
describes briefly the geology and availability of water in each of
Wisconsin's 71 counties. Though now nearly half a century old, the
report still serves as an excellent basis for planning small-scale
ground-water developments in parts of the State not covered by
more recent, more detailed reports.
From 1915 to 1945 ground-water studies were made by the State
Survey. In 1945 a new cooperative program with the U.S. Geological
Survey was begun. Under this program reports on several counties
or parts of counties, as well as on smaller areas, have been completed,
and work is continuing in areas of present or expected large-scale
development.
The following water-supply papers of the U.S. Geological Survey
have been published or are awaiting publication:
Watersupply
paper
No.

1190
1229
1294
1421
1604
1619-X
1669-C
1669-J

Area

Brown County (artesian aquifers)_____
Milwaukee-Waukesha area, Milwaukee
and Waukesha Counties.
Southwestern Langlade County-______
Outagamie County-----_--_--_----__
Fond du Lac County______ _________
Rock County.-.___________________
Upper Black Earth Creek basin, Dane
County.
Green Bay area, Brown and Outagamie
Counties (progress report, 1950-60).
Waupaca County--------_------_-___

Author (s)

Year

Drescher-_________
Foley and others-__

1953
1953

Harder and
Drescher.
LeRoux___________
Newport---------LeRoux-________
Cline_------------

1954

Knowles_____-_-_-_

(')

Berkstresser_ ______

0)

1957
1962
(J)
(J)

1 Publication pending.

Other publications of the U.S. Geological Survey include Circular
181, describing the results of electrical-resistivity studies near Antigo, Langlade County (Spicer, 1952); Circular 247, one of the
"metropolitan-area" reports, this one covering the Milwaukee area
(Drescher and others, 1953); and the water-supply papers containing
measurements of water levels in observation wells.
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Publications of the State Survey include the following information
circulars:
Inf. Circ.
No.

1
3
4
5

Subject

Author(s)

Effects of precipitation on ground water. Drescher_ --,-_____General summary of ground water in ____do____________
Wisconsin.
Water levels in observation wells Audini and others.through 1957.
Saline water in bedrock of eastern Wis- Ryling____________
consin.

Year

1955
1956
1959
1961

Journal articles include that by Foley and others (1947) describing
ground-water studies in Wisconsin and that by Summers (1961)
discussing fluctuations of ground-water temperature.
Open-file reports of the U.S. Geological Survey include those by
Foley (1947) reporting on the progress of ground-water studies:
by Daniels (1948) giving the results of pumping tests at Jefferson
Junction, Jefferson County; and by Spicer and Edwards describing
the results of electrical-resistivity studies in the vicinities of Marshfield, Wood County (1954), and Neillsville, Clark County (1955).
(See also Woollard and Hanson, 1954).
GROUND-WATER RESOURCES

For description of the ground-water resources Wisconsin falls
naturally into five divisions, or provinces (Drescher, 1956, p. 9-20,
fig. 3) : major valleys underlain by alluvial deposits, the central sand
plain, the northern area of glacial deposits, the western area of
Paleozoic rocks, and the eastern area of Paleozoic rocks.
MAJOR VALLEYS UNDERLAIN BY ALLUVIAL DEPOSITS

The major valleys underlain by alluvial deposits largely glacial
outwash are that of the Mississippi River in its entire course in
the State (below west-central Pierce County) and the tributary
valley of the St. Croix River in northwestern Pierce County and St.
Croix County, the Chippewa River valley below central Chippewa
County, the upper Wisconsin River valley from south-central Lincoln to east-central Wood County and the lower valley below southwesternmost Columbia and southeasternmost Sank Counties, and the
Rock River valley below southwesternmost Jefferson County. The
outwash-filled valleys of many smaller streams also could be included.
The alluvial deposits are generally sandy and gravelly, except at
the top in some valleys where finer grained sediments were deposited
as the flow of glacial melt water lessened and the streams approached
their present condition. The sand and gravel deposits are as much as
200 feet thick and are the most productive aquifers of the State.
They are also well situated for replenishment by induced infiltration
from the streams and, if desired, for artificial recharge by water
spreading.
671316 O 63

61
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In all the major valleys named except that of the upper Wisconsin
River, the outwash deposits are underlain by sandstone of Cambrian
age which also is a good aquifer, though not so permeable or productive as the outwash. The outwash in the upper Wisconsin valley
is underlain by Precambrian crystalline rocks which yield little or
110 water to wells.
Though only lightly developed, at least in relation to their potential, the deposits are expected to supply large industrial demands in
the future. They are now tapped for most of the public and industrial water supplies used in the cities along the valleys, though some
wells extend through them to obtain water from the sandstone below.
The total* pumpage in the Rock River valley in 1957 was about 20
mgd, of which about 15 mgd came from the valley fill and 5 mgd
from the sandstone.
The hydrology of the deposits is inadequately known except in
the Rock River valley, where individual wells have been tested at
rates as high as 5,000 gpm. Additional, studies are needed to define
the thickness and water-bearing character of the deposits throughout
their extent, in order that the expected large future developments can
be made on a solid basis of facts. Even so, it can be stated that the
quantity of water potentially available is many times that withdrawn at present.
The sandstone beneath the drift is a potential additional source
of water, as are lakes and streams.
CENTRHAL SAND PLAIN

The central sand plain is a flat area underlain by thin to thick
outwash deposits, principally sand but including some gravel. It
extends from north-central Portage to northeasternmost Sauk County
and westward to west-central Jackson and northeasternmost LaCrosse
Counties. It is traversed by the Wisconsin River, but only along a
short stretch of the river in western Portage and eastern Wood
Counties are the deposits along the river distinctly thicker and more
permeable than those in the adjacent parts of the sand plain. The
bedrock beneath the plain is mostly sandstone of Cambrian age,
but in buried valleys in southeastern Wood and southwestern Portage
Counties the sandstone has been eroded away and Precambrian rocks
lie below the drift.
The sand plain is potentially a higher productive ground-water
area which at present is only lightly developed. Irrigation with
ground water is increasing rapidly, however. About three-quarters
of the irrigation water used in the area in 1960 came from the
sand-plain deposits and about one-quarter from surface sources.
About 8,000 acre-feet of ground water was pumped from wells to
irrigate 20,000 acres, and there was no appreciable decline in groundwater levels.
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Detailed studies have been completed or are underway in Portage
and Waushara Counties, and also in nearby Waupaca County (Berkstresser, publication pending) where similar deposits are found
though the county is not part of the sand-plain area as defined by
Drescher. Similar studies are needed in the remainder of the area.
A tremendous volume of ground water is stored in the sand-plain
deposits, and the rate of recharge is high because of the flat surface
and sandy soil. Large additional development of ground water is
possible, and likely. Because of the ease of obtaining ground water,
surface-water development is likely to proceed more slowly. Nevertheless, the effect of ground-water pumping on streamflow is a factor
to be considered in the planning of future developments, for most
streams in the area including the Wisconsin Kiver during dry
weather are fed largely by ground water seeping from the sandplain deposits.
NORTHERN AREA OF GLACIAL DEPOSITS

The northern area of glacial deposits coincides very roughly with
the Superior Upland physiographic province. Its southern boundary
begins on the west in northwestern St. Croix County, runs northeastward to north-central Barron County, generally southeastward to
the north edge of the sand-plain area in west-central Wood County,
eastward and northeastward to north-central Portage County, generally southward to northeasternmost Sauk County, and then generally northeastward to the Michigan line near Wausaukee in eastcentral Marinette County.
The area is underlain almost entirely by Precambrian rocks. Cambrian sandstone intervenes between the glacial drift and the Precambrian rocks in most of Waushara and Marquette Counties, the
northeastern half of Clark County^ the southeastern half to twothirds of Washburn and Polk Counties, and smaller areas in counties
adjacent to those named. The Cambrian rocks thicken southward and
southwestward and so are most productive at the south edge of the
area, but nowhere in the area are they thick or extensive enough to
be highly productive.
The Precambrian rocks are mostly low in productivity. The
Jacobsville Sandstone of Precambrian or Cambrian age and the
Munising Sandstone of Cambrian age contain highly mineralized
water in much of the area. The sandstones underlie northwesternmost
Iron County, northern Ashland County, most of the northern threequarters of Bayfield County, and northern and southeastern Douglas
County and small areas in adjacent Washburn and Burnett Counties.
The glacial drift contains the principal aquifers. These consist of
scattered lenses and sheets of outwash sand and gravel at the
base of, within, or at the top of the drift. The 1915 report by
Weidman and Schultz describes the general occurrence of the surficial
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out wash in each county and of buried deposits so far as known at
that time from drilling. The availability of water varies from place
to place, but except for one sizable area there are few localities where
at least small supplies are difficult to get, and many where moderate
to large supplies are available.
The area in which the drift is least productive is in the southcentral part of the province, west of the "prong'' in which the province
extends farthest southward. It is an area in which older drift of
Iowan(?) age extends out from beneath the younger and more
productive drift of Gary age. It includes Marathon County except
for a southward-widening strip along the east edge and a strip along
the upper Wisconsin River valley in the middle of the county; it
includes also the southwest corner of Langlade County, the southeast
and southwest corners of Lincoln County, the southeastern third of
Taylor County, the northeastern half of Clark County, a small area
in southeastern Chippewa County, northern Wood County, and
northwestern Portage County except for the upper Wisconsin valley.
The drift is thin and not very productive. Except for northeastern
Clark County and small areas in Wood and Chippewa Counties
where Cambrian sandstone lies beneath the drift, even small supplies
of ground water are not easy to get.
RICE LAKE AREA

The Rice Lake area in Barren and Washburn Counties is an
example of one of the more productive parts of the province.
Irrigation is increasing rapidly, about three-quarters of the water
being obtained from the glacial deposits and the rest from surface
sources. In 1960 about 3,500 acre-feet of ground water was used to
irrigate about 7,000 acres, and there was no substantial depletion of
storage.
The total amount of ground water in storage apparently is large,
but detailed studies are needed to determine more accurately the
thickness, extent, and character of the water-bearing deposits and
the potentialities for continued and increased pumping. Similar
studies of course are needed also in areas of similar potential
productivity elsewhere in the province.
Nearly all streamflow in the Rice Lake area depends on groundwater discharge, and future large-scale development of water must
consider the close relation between ground and surface water in
the area.
MELLEN-BUTTERNUT AREA

The Mellen-Butternut area of southern Ashland County has large
deposits of taconite (low-grade iron ore). The deposits very likely
will be mined on a large scale in the future, and large quantities
of water will be needed for processing. There is little pumping
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of ground water in the area at present. The area is swampy, and
the taconite-bearing rock is overlain by 2 to 30 feet of saturated
glacial drift. The ground water constitutes a problem as well as a
resource, for the ore-bearing area will have to be dewatered to
permit mining. Detailed studies will be needed both to determine
the availability of water for ore beneficiation and to serve as a
guide for dewatering operations.
ASHLAND-SUPEBIOB AREA

The Ashland-Superior area is in northern Ashland, Bayfield, and
Douglas Counties. Population and industry in the extreme northern
part of the State are concentrated largely at the cities of Ashland
and Superior, the latter being just across the St. Louis River and
the west end of Lake Superior from Duluth, Minn. The largest
water supplies come from Lake Superior, but wells penetrating
glacial drift yield some water. Information on ground water is
meager, and detailed studies are needed in localities where ground
water is now pumped or is expected to be needed.
Saline water is present in the Jacobsville and Munising Sandstones
and locally may encroach on shallow aquifers that are intensely
pumped.
WESTERN AREA OF PALEOZOIC ROCKS

The western area of Paleozoic rocks includes the western and
largest part of the so-called "Driftless" area. It lies south and
southwest of the northern area of glacial deposits and the sand-plain
area as described previously. Its eastern boundary in the south
runs generally southeastward from the adjacent north corners of
Sauk and Columbia Counties to the Rock River valley in east-central
Rock County.
The deposits considered by Black (1960) to be of glacial origin
are thin, scattered, and high in elevation and are of no importance
as aquifers. The bedrocks consist of strata of sandstone of Cambrian
and Ordovician age and limestone and dolomite of Ordovician age,
dipping and thickening southward and southwestward. The rocks
may act as a single hydrologic unit or, especially to the south and
west where they have a greater total thickness and include some
beds of shale, as separate though imperfectly connected aquifers.
Small to moderate quantities of water can be obtained at moderate
depth almost anywhere. To obtain large yields generally requires
drilling into and perhaps to the base of the Cambrian sandstones.
The area is not highly populated in comparison to the eastern area
of Paleozoic rocks, and water demands are relatively small though
larger than those in the northern area of glacial deposits. Most
public water supplies, including those of the largest two cities,
LaCrosse and Eau Claire, are obtained from wells. Moderate to
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large additional supplies of both ground water and surface water
await development.
EASTERN AREA OF PALEOZOIC ROCKS

The eastern area of Paleozoic rocks is the area of largest population and water use in the State. It lies east of the northern area
of glacial deposits and western area of Paleozoic rocks as described
previously, its western boundary running from the Kock Kiver
valley in east-central Rock County northwestward and northward
to the north corners of Sauk and Columbia Counties and then
generally northeastward to east-central Marinette County.
The area is underlain by southward- to southeastward-dipping and
-thickening rocks of Paleozoic age ranging in age from Late Cambrian to Mississippian, mantled by glacial drift. From oldest to
youngest, and cropping out beneath the drift in irregular bands
from west to east, are 0 to 1,000 feet or more of sandstones of Late
Cambrian age containing some beds of shale and dolomite; the
Prairie du Chien Group of Early Ordovician age consisting of 0 to
200 feet of dolomite, sandy in places; the St. Peter Sandstone of
Middle Ordovician age, 0 to 330 feet thick; a sequence of limestone,
shale, and dolomite, also of Middle Ordovician age and 200 to 350
feet thick; the Maquoketa Shale and the iron-bearing Neda Formation of Late Ordovician age, 50 to 540 feet thick; the Niagara and
Waubakee Dolomites, respectively of Middle, and Late Silurian age
and 300 to 825 feet in total thickness; the Thiensville and Milwaukee
Formations of Middle Devonian age, 0 to 160 feet of shale, dolomite,
and limestone; and an unnamed black carbonaceous shale of Mississippian age, 0 to 55 feet thick. The greatest thickness of Paleozoic
rocks of course is present only in the southeasternmost part of the
area. In that part of the area the Cambrian sandstones lie at the
greatest depth, but they are tapped throughout the area.
All the bedrocks described except the Maquoketa Shale and the
shale of Mississippian age yield water at least locally. The Cambrian sandstones are the most important and most productive bedrock
aquifers. The Niagara Dolomite (with the overlying thin Waubakee
Dolomite) is next in importance; it is present in a belt 1 to 2 counties
wide in the eastern part of the area. Other bedrock strata that yield
water include the Prairie du Chien Group and St. Peter Sandstone,
which yield small to moderate supplies; and the limestone-shaledolomite sequence above the St. Peter Sandstone and the Thiensville
and Milwaukee Formations above the Niagara and Waubakee
sequence, which yield small supplies.
In general, the bedrocks can be divided into two broad aquifers
or aquifer groups. The lower one, underlying the whole area, is generally called the "sandstone aquifer"; it includes the Cambrian sandstones, the dolomite of the Prairie du Chien Group, and the St.
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Peter Sandstone. The upper one, present in the eastern part of the
area and separated from the sandstone aquifer by rocks of relatively
low permeability, especially the Maquoketa Shale, is called the
"dolomite aquifer"; it consists principally of the Niagara Dolomite.
The sandstone aquifer is recharged principally in the area west of
the west edge of the outcrop of the Maquoketa Shale, which runs
from the west edge of Green Bay southwestward and southward along
the west edges of the Fox River valley and Lake Winnebago to southcentral Walworth County. The water presses upward against the
baser of the Maquoketa, and under natural conditions (and to the
present in lightly pumped parts of the area) it discharged naturally
by slow upward seepage through the overlying rocks into Green Bay,
the Fox River, Lake Winnebago, the Rock River, and Lake Michigan. Where the head has been depressed by pumping below that
in the dolomite aquifer, water now seeps downward into the sandstone aquifer through the overlying rocks.
The dolomite aquifer is recharged by upward seepage from the
sandstone aquifer and downward seepage from the glacial drift. It
discharges into surface-water bodies that lie at elevations below that
of the local piezometric surface of the aquifer. The top of the dolomite aquifer lies just below the glacial drift in all but the narrow
strip along the east edge where Devonian and Mississippian rocks
overlie the Silurian, and opportunities for recharge and discharge
are such that water ordinarily does not move far in the aquifer from
a point of recharge to one of discharge.
In large parts of Ozaukee, Sheboygan, Manitowoc, Calumet,
Kewaunee, and Door Counties the dolomite aquifer and the glacial
drift are the principal sources of ground water because the water
in the sandstone aquifer is saline. Elsewhere in the eastern area of
Paleozoic rocks, even where the dolomite aquifer is present, the
sandstone aquifer is the principal bedrock source because it generally
yields more water than wells in the dolomite are capable of supplying.
The glacial drift is similar to and a continuation of that of the
northern area of glacial deposits. Bodies of water-bearing sand and
gravel are found at the base of, within, or at the top of the drift.
Water in the drift, once commonly bypassed in wells drilled to the
better known dolomite and sandstone aquifers, is being pumped on
an increasing scale as information on its occurrence accumulates.
Ground-water conditions in four parts of the province warrant
some comment.
MILWAUKEE AND RELATED AREA

The part of the province including Milwaukee, Waukesha, Racine,
and Kenosha is an urban and industrial complex which is the largest
and fastest growing in the State. About three-fifths of the manufacturing in the State is done in this area.
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The sandstone aquifer and the shallow (dolomite and glacial
drift) aquifer are both heavily pumped. In Milwaukee and eastern
Waukesha Counties in 1957 about 27 mgd was pumped from the
sandstone aquifer and about 19 mgd from the shallow aquifer.
Water levels in the sandstone aquifer have declined persistently at
least since 1877; the maximum known lowering, more than 400 feet,
has occurred in Milwaukee. Water levels in the shallow aquifer at
Milwaukee have declined as much as 15 feet since 1946.
Studies are underway in Milwaukee and vicinity to relate the
withdrawals to the declines in head as a means of predicting future
declines. The studies need to be expanded to cover the entire area
because there is some evidence that the cones of depression in the
piezometric surface of the sandstone caused by pumping in the
Milwaukee and Chicago areas are beginning to overlap near the
Wisconsin-Illinois State line. In addition, detailed studies of the
shallow aquifer are needed to evaluate it as a possible source of
water to supplement the supply of the sandstone aquifer, or to
replace a part of that supply.
The rapid growth of population and industry has locally overtaxed the distribution systems of the municipalities, even where the
supplies of water at the source are adequate. In Milwaukee and
vicinity, closely spaced wells have drawn water levels so low as to
create some difficulty because of the high pumping lifts involved.
Large additional supplies of ground water can be obtained in the
area from the shallow aquifer, and even from the sandstone aquifer
if wells are spaced far enough apart to minimize local drawdowns.
MADISON AREA

Madison and vicinity in Dane County is an area of heavy pumping
from the sandstone aquifer for public and industrial uses a total
of about 25 mgd in 1960. Water levels declined locally as much as
about 80 feet from 1882 to 1960, but there is no appreciable regional
decline such as has occurred in the region around Milwaukee and
Chicago.
Detailed studies are underway to evaluate the potential productivity of the sandstone aquifer and of the glacial drift, including
alluvial deposits in the valley of the Yahara River, a tributary of
the Rock. The perennial yield of the sandstone aquifer probably
will prove to be several times the 1960 withdrawal if the water is
taken from adequately spaced wells; the unconsolidated deposits
also may prove to be a highly productive source.
SHEBOYGAN-STURGEON BAY AREA

The Sheboygan-Sturgeon Bay area can be denned to include the
area lying generally along the Lake Michigan shore from northern
Ozaukee County to Door County, and including eastern Calumet
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County. In much of the area the sandstone aquifer contains saline
water, and water is obtained either from the dolomite aquifer or
from Lake Michigan. The glacial deposits are not highly productive
except locally, as they consist largely of glacial till below and
generally fine-grained lake deposits above. The pumpage is not
known exactly but is not great in comparison to that in the two
areas described previously. The Niagara Dolomite is believed to be
a potential source of large quantities of water, but detailed studies
are needed to confirm this supposition and to indicate the best areas
for future pumping. The water in the dolomite locality is very hard.
LOWER FOX RIVEE

AREA

The lower Fox River area is defined as the area along Lake
Winnebago and the Fox River valley from Fond du Lac to Green
Bay. It is a fast-growing industrial area. Many industries and about
half the municipalities use wells tapping the sandstone aquifer. The
pumpage in the city of Green Bay and vicinity was about 5.4 mgd in
1959. Until 1957 the city had obtained its public supply from wells;
in August of that year it began using water from Lake Michigan
and discontinued its pumping of about 8 mgd. The reduction in
pumping caused a rapid recovery in ground-water levels, the maximum rise being about 260 feet in downtown Green Bay by
September 1960.
The only detailed information available is that on Green Bay
(Drescher, 1953; Knowles, publication pending) and Fond du Lac
(Newport, 1962) and their vicinities. Additional studies are needed
to evaluate the sandstone aquifer and the glacial deposits in the
rest of the area. The dolomite aquifer is not present. In general,
the water supply of the sandstone aquifer appears to be adequate to
meet foreseeable needs. Surface water is available from the Fox
River, Lake Winnebago, Green Bay of Lake Michigan, and even
the main body of Lake Michigan if the need is such as to justify
the necessary pipeline.
PROBLEMS, PROSPECTS, AND NEEDS

Ground water in Wisconsin-is developed on a substantial scale,
and the withdrawal is small only in comparison to the future
potential of ground water and the present use of surface water;
the total 1960 withdrawal of about 530 mgd of ground water was
greater than that in three-fifths of the other States.
Ground water can be developed on a vastly greater scale than it
was in 1960; the principal deterrent is lack of sufficient detailed
information to serve as a basis for orderly development of the
ground water as a part of the State's total water resources. In
general, ground water is available in moderate to large quantities
from sand and gravel interbedded with glacial till in all but the
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central and southwestern parts of the State (and is available from
glacial out wash in some areas in those parts also) and from sandstone or carbonate rocks, or both, in all but the northern part.
Considered broadly, the ground-water resources are relatively
undeveloped except in the southeastern industrial area of which
Milwaukee is the hub.
Areas in which intensive ground-water development is expected
during the foreseeable future include, in addition to the southeastern
area, the area extending to the west as far as the Rock River valley
and then to the northwest through Dane County to the Wisconsin
River valley, up that valley to the sand-plain area and beyond to
Langlade County, and down the valley to the Mississippi; a broad
belt extending northward from Waukesha and Jefferson Counties
to include the upper Fox River valley as well as the lower valley
to Green Bay; the Mississippi valley upstream to the mouth of the
Chippewa River and the Chippewa valley upstream to Chippewa
County; the Rice Lake area in Barren and Washburn Counties; the
Mellen-Butternut area in Ashland County; the Ashland area in
northern Ashland County; and the Superior area in Douglas County.
Principal ground-water problems include existing or potential conflicts of interest among users of water for public supply, industry,
irrigation, conservation, and recreation; a scarcity of ground water
in the central area where the glacial drift is thin and the bedrock
is poorly productive; problems of mine dewatering in the southwestern Wisconsin lead-zinc district; local excessive concentrations
of iron or manganese in the ground water; potential encroachment
of saline water from the deeper bedrock aquifers in eastern and
northwestern Wisconsin; potential contamination of ground water
by industrial wastes in highly populated areas and by synthetic
detergents in suburban and rural areas where domestic wastes are
discharged to the ground; and lack of detailed hydrologic information.
Most of the problems listed were potential rather than actual as
of 1960. Existing or potential problems listed by the State as affecting surface water (State Officials, 1960, p. 383-384) were parallel
in many respects: management of water to assure supplies for urban,
rural, industrial, recreational, and wildlife uses; effects of consumptive use of water resulting from irrigation and industrial processing;
pollution by domestic and industrial wastes and heat; variations of
lake levels and streamflow resulting from the activities of man,
including impoundment of water for various uses and, possibly in
the future, weather-control operations; provision for public access
to surface-water bodies; improvement of navigation facilities and
protection of shorelines; definition of local, State, and Federal areas
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of responsibility related to water; and lack of detailed hydrologic
information.
The riparian rule prevails with respect to surface waters, and the
State (idem, p. 384) believes that both the riparian principle and
the way in which the administrative responsibilities of the State
are being discharged are satisfactory. The chief need is for more
hydrologic information to serve as a basis for better planning and
administration. The State (idem, p. 384) believes that Federal policy
should be developed to provide specific ground rules for the diversion, use, and return after proper purification of water of the
Great Lakes. (For a general discussion see Rynders, 1961).
The common-law rule of quasi-riparian rights applies in general
to ground water. Formerly it was held that landowners might make
unrestricted use of the water beneath their lands. In 1945 a law
was enacted giving the State Board of Health authority over new,
additional, or reconstructed wells capable of producing a total of
100,000 gpd or more on a single property. The object of the law
is to protect municipal water supplies; if the Board finds that a
proposed private ground-water development would reduce the supply
used by a municipality it may deny the application or limit the proposed withdrawals At present private ground-water users have no
protection from the pumping of other private landowners, or of
municipalities. The Board also administers the State code relating
to sanitary well construction, long regarded as a model (Wisconsin
Board of Health, 1951).
The State (idem, p. 385) believes that the control of ground-water
withdrawals should be extended by means of additional legislation
by the State, and the Legislature has considered numerous proposals
in recent years (Scott, 1960; Schmid, 1961b).
The State (idem, p. 385) foresees-that weather-control operations
may someday become a matter, of "-interstate aand even international
concern, and believes that the^ Federal Government - will have to
assume responsibility for the control of such operations if they prove
to have adverse effects.
Floods are not as serious in Wisconsin ^as they are in many
other States. The State (idem, p. 386-387) believes that zoning of
flood plains to prevent undesirable" encroachment to avoid the creation of conditions that would necessitate large future expenditures
for flood-protection works that are now unnecessary must be a principal tool in flood control. It * encourages the formation of "conservancy districts" to control uses x>f flood plains, mainly for recreational rather than residential or industrial use.
On the whole, water problems in -Wisconsin are not yet acute,
though the present and anticipated future rapid growth in industry,
and in other water-using activities as well, promises to create prob-
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lems at an accelerated rate. The State is well aware of the deficiencies
in hydrologic information and in administrative machinery needed
for future water management and is doing all it can to remedy them.
WYOMING
Western State of moderately large total water resources and use; nearly
all water originates within State but much of it must be allowed to flow
to downstream States in compliance with existing compacts; ground-water
resources substantial and in early stage of development, but many of the
potentially most productive aquifers are along watercourses and competition
with surface-water use would have to be considered. Precipitation from 8
inches or a little less in parts of north center, center, and southwest to 20
inches or more in northeast and substantially more than 24 inches in west
and northwest; averages perhaps 13 inches. Runoff less than 0.25 inch in
arid lowlands of Powder River, Bighorn River, and Sweetwater River basins
and in small part of High Plains in extreme southeast; rises to about 2.5
inches in Black Hills in northeast, 5 to 20 inches in highest mountains in
south center, and more than 20 inches in highest areas in west; averages
about 3.9 inches for total of 18 bgd (20 million acre-feet per year). State
receives more than half a million acre-feet per year from outside in Laramie,
North Platte, and Bear Rivers but is mainly a headwater area supplying
runoff to downstream States.
Ground water mainly in scattered alluvial valleys; some in Tertiary
deposits of High Plains and in major structural basins, and in pre-Tertiary
rocks near mountains. Development mainly in early stage except in Goshen
County and in Wheatland, Cheyenne, and Egbert-Pine Bluffs-Carpenter areas
in southeast.
Withdrawal use of water, all fresh, in 1960 about 3,400 mgd (3,800,000 acrefeet), 26 mgd surface water and 33 mgd ground water for public supply, 15
and 8.0 mgd for rural supply, 140 and 8.5 mgd for industry including 84
mgd surface water for public-utility fuel-electric power, and 3,100 and 57
mgd (3,500,000 and 64,000 acre-feet) for irrigation plus conveyance loss of
1,300 mgd (1,500,000 acre-feet.) Hydropower use about 4.5 bgd.
Major needs recognized by State include those for additional surface storage
to even 'out seasonal and year-to-year fluctuations in streamflow so as to
provide supplemental and additional water for irrigation and adequate water
for municipal and industrial use; for conservation of water by control of
phreatophytes, evaporation, and seepage; for negotiation of additional compacts to allocate water fairly between Wyoming and downstream States; for
hydrologic studies, especially of ground water, quality of water, and small
streams; and for development of ground water and remaining unused surface
water. Floods and pollution not serious at present, but soil erosion and
reservoir sedimentation are problems in places. General outlook favorable.

Wyoming has moderately large total water resources and use but
considerable remaining potential, especially in ground-water development and salvage of surface water. It lies in the Great Plains,
Wyoming Basin, and Northern, Middle, and Southern Kocky Mountains physiographic provinces (Fenneman, 1931, p. 92-224; Fenneman and others, 1946). The Great Plains province occupies about
the eastern third of the State and includes parts of the High Plains
section on the south and the unglaciated Missouri Plateau and Black
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Hills sections on the north. The Southern Rocky Mountains form
three prongs extending northward from Colorado in the south center. Between the Southern and Middle Rocky Mountains is the large
Wyoming Basin, which lies in the central and southwestern parts of
the State. The Middle Rocky Mountains occupy most of the northwestern part of the State and a belt along the west edge; the Northern
Rockies occupy only the northwesternmost corner of the State, in
the northwestern part of Yellowstone National Park.
The State has a basement of Precambrian rocks, which are exposed
at the surface in the major uplifts forming the Rocky Mountains
and the Black Hills. The uplifts are flanked by sedimentary rocks
which dip into structural basins generally Paleozoic rocks at the
edges of the mountains, then Mesozoic rocks, and then, forming the
major part of the basin fill, semiconsolidated to consolidated sediments of early and middle Tertiary age. The major structural basins
include the Powder River Basin 9 in the northeast, between the Black
Hills and the Bighorn Range, of the Middle Rocky Mountains; a
basin beneath the High Plains in the southeast which can be considered a northward extension of the Denver basin of Colorado; the
Bighorn Basin between the Bighorn Mountains on the east and the
Owl Creek Mountains and Absaroka Range on the southwest and
wrest; and more or less definitely separated basins within the Wyoming Basin physiographic province as defined the Wind River
Basin between the Owl Creek and Wind River Mountains; the Laramie Basin between the Laramie Range on the east and the Medicine
Bow and associated ranges on the west; the structurally low but
physiographically somewhat elevated Washakie basin between the
Sierra Madre on the east and the Rock Springs uplift on the west;
the Great Divide Basin, an area of largely internal drainage north
of the Washakie basin, at the southeast end of the Wind River
Mountains; and the Green River Basin between the Rock Springs
uplift on the east and the ranges of the "overthrust belt" of the
Rockies along the west edge of the State.
The basin beneath the High Plains differs from the structuraltopographic basins in having a gentle eastward surface slope instead
of a basin-shaped land surface and in having, in the southern part,
a capping of late Tertiary sediments the Ogallala Formation.
The Absaroka Plateau in the northwestern part of the State is
formed by volcanic rocks of early to late Tertiary and Quaternary
age; in the eastern part of the plateau these rocks are piled high
enough to justify use of the term Absaroka Range. At the south
edge of the plateau is the relatively small but well-known basin
8 The word "basin" is capitalized if the area is both a structural and a topographicbasin, lowercased if it is a structural basin over which the land surface is not basin
shaped, or if it is simply the drainage basin of a stream.
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called Jackson Hole, bounded on the west by the equally well
known Grand Teton Mountains.
The early to middle Tertiary "valley fill" of the major basins is
not covered by extensive deposits of late Tertiary and Quaternary
alluvium and lake deposits such as are found in the Basin and
Eange province. Instead, alluvium mainly of Quaternary age and
in places including glacial outwash forms tongues along parts, but
not all, of the major streams the North Platte Eiver and its
tributaries the Sweetwater and Laramie Rivers; Lodgepole Creek,
a tributary of the South Platte; the Niobrara Eiver; the Powder
and Tongue Eivers and certain tributaries; the Bighorn River and
its tributaries the Greybull and Shoshone Rivers; the Wind Eiver and
its principal tributaries; the Green Eiver and tributaries; the Snake
Eiver and its tributary the Salt River; and the Bear River.
The precipitation is 8 inches or less in certain areas in the "rain
shadow" of the Rockies, chiefly the Bighorn Basin and parts of
the Wyoming Basin. It rises to more than 20 inches in the Black
Hills, 16 inches in the Southern Rockies, and 24 inches in the Middle
and Northern Rockies. It is as much as 40 inches in the mountains.
It averages about 13 inches in the State, though no accurate average
has been computed.
The State lies in the headwaters of four of the major drainage
basins of the West those of the Missouri, Columbia, and Colorado
Rivers and Great Salt Lake. Almost exactly three-quarters of the
State drains to the Missouri through the Madison, Yellowstone,
Little Missouri, Cheyenne, Niobrara, and Platte Rivers. A little
more than one-twentieth of the State drains to the Columbia through
the Snake River and its principal tributaries the Salt and Greys
Rivers. A little more than a sixth of the State drains to the Colorado
River through the Green River. The remainder, about 1.5 percent
of the States's area, drains into the Bear River and thence into Great
Salt Lake in Utah.
The runoff is substantial, owing to the northerly latitude and cool
climate and to the presence of high mountains. It contrasts strongly
with that of physiographically similar but more southerly States
such as New Mexico, which has about the same or even a little
greater average precipitation but an average runoff of only 0.6 inch.
The average runoff in Wyoming is about 3.9 inches, according to
computations made in 1951 by C. H. Hardison of the U.S. Geological
Survey (unpublished data) from runoff contours on a map by
Langbein and others (1949). According to the runoff contours,
which are reproduced in plate 1 of this report, the runoff is 0.25 inch
or less in the lowlands of the Bighorn and Wind River Basins and
the Sweetwater River basin, in a large part of the northern Great
Plains between the Middle Rockies and the Black Hills (the Powder
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River Basin), and in the southeasternmost corner of the State in
the High Plains. It is about 0.5 inch in most of the High Plains. It
rises above 2.5 inches in the higher part of the Black Hills and 5
inches in the Southern Rockies south of Casper, and to as much
as 20 inches in the Medicine Bow Mountains and Sierra Madre
west and southwest of Laramie. It rises from 0.5 inch or less in
most of the Wyoming Basin to 10 inches in the south westernmost
part of the State. It is above 20 inches in a large part of the Middle
Rockies south of Yellowstone National Park, and 10 to 20 inches
in most of the Park.
According to the State (State Officials, 1960, p. 389), the Snake
River, draining about 5.4 percent of the State's area, is the State's
largest stream, receiving about 5,000,000 acre-feet per year from
its basin within Wyoming. The Bighorn River discharges about
2,400,000 acre-feet per year into Montana. The Yellowstone River
discharges about 2,000,000 acre-feet per year into Montana where it
leaves Yellowstone National Park. The North Platte River, which
in the main stream and the tributary Laramie River brings in from
Colorado a total of about 440,000 acre-feet per year (North Platte
at North Gate, Colo., 1915-56; Laramie at Jelm, Wyo., 1904-05,
1911-56; U.S. Geol. Survey, 1960b, p. 94-15), discharges about
520,000 acre-feet per year into Nebraska (State line station, 1929-56;
idem, p. 95), exclusive of the substantial flow of irrigation canals
heading on the river in Wyoming and crossing independently into
Nebraska. The Green River discharges about 1,400,000 acre-feet per
year into Utah. Smaller streams account for the rest of the runoff.
The State gives the mean annual runoff in Wyoming streams as
about 15 million acre-feet, or about 13V2 bgd. The difference between
this figure and the 18 bgd (20 million acre-feet per year) computed
from the runoff contours (pi. 1) may reflect the use of different base
periods for the streamflow data and certainly reflects the effect of
consumptive use of water in Wyoming, both natural and artificial.
Thus the total supply is somewhat greater than is indicated by the
data on remaining runoff in the larger streams. The fact remains,
however, that the supply of most of the State's major streams except
the Green River is rather fully committed by use within the State
or requirements in downstream States, the latter being several times
as great as the former. According to the State (State Officials, 1960,
p. 389), the annual depletion within Wyoming was about 2.5 million
acre-feet per year as of 1959, largely as the result of irrigation of
about 1.7 million of a total of 2.75 million acres of land having
adjudicated water rights. The State expects the depletion ultimately
to rise to perhaps 4 million acre-feet per year.
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According to MacKichan and Kammerer (1961b), the total withdrawal use of water (all fresh) in Wyoming in 1960 was about 3,400
mgd (about 3,800,000 acre-feet), exclusive of conveyance losses of
irrigation water mostly surface water which brought the total to
about 4,700,000 (about 5,300,000 acre-feet). The total was accounted
for as follows: 26 mgd of surface water and 33 mgd of ground water for
public supply, 15 and 8.0 mgd for rural supply, 140 and 8.5 mgd for
self-supplied industry including 84 mgd of surface water used in
public-utility fuel-electric power generation, and 3,100 and 57 mgd
(3,500,000 and 64,000 acre-feet) for irrigation plus the conveyance
loss of 1,300 mgd (about 1,500,000 acre-feet). Hydropower use was
about 4.5 bgd, equivalent to only a quarter of the average total
runoff.
The withdrawal use of 4.7 bgd, including conveyance losses, represents for Wyoming's 1960 population of 330,066 (ranking 48th
among the 50 States) a per capita use of a little more than 14,000
gpd. This is nearly 10 times the national average of about 1,500
gpd and demonstrates the importance of irrigation, for that use
alone in 1960 accounted for about 13,500 gpd per capita, including
conveyance losses. Only Idaho, at 24,000 gpd per capita including
conveyance losses, exceeded Wyoming in total withdrawal use per
capita; Montana, at about 11,000 gpd, was third.
GROUND -WATER STUDIES

Ground-water studies have been made on a substantial scale in
Wyoming, but most of the studies have been on a reconnaissance
basis and large areas of the State remain to be covered even on
that basis. Thus, like ground-water development itself, ground-water
investigations can be considered to be in an early stage. The studies
have been made largely by the U.S. Geological Survey, both in cooperation with the State Engineer, the Wyoming Natural Resource
Board, and the Wyoming Geological Survey and as part of the
program of the Department of the Interior for development of the
Missouri River basin. Some studies have been made in cooperation
with other State agencies and with cities, for other Federal agencies,
and as part of the Soil and Moisture program of the Department
of the Interior.
Early reports of the U.S. Geological Survey include several of
the folios of the Geologic Atlas of the United States, most of which
contain a little information on ground water. Numerous bulletins
of the Survey describing mineral resources and oil and gas contain
some mention of ground water. The 21st Annual Report of the
Survey and Professional Paper 65 contain reports by Darton (1901,
1909a) describing the geology and water resources of the southern
and northern parts of the Black Hills and adjoining area in South
Dakota and Wyoming. Professional Paper 53 (Fisher, 1906)
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describes the geology and water resources of the Bighorn Basin.
Bulletin 364 (Darton and Siebenthal, 1909) describes the geology
and mineral resources of the Laramie Basin and includes a section
on ground water.
Water-Supply Paper TO of the U.S. Geological Survey (Adams,
1902) describes the geology and water resources of the Patrick and
Goshen Hole quadrangles in eastern Wyoming and western Nebraska.
Water-Supply Paper 425-B (Meinzer, 19lYc) discusses the availability of ground water for irrigation in the Lodgepole Creek valley in
Wyoming and Nebraska.
Bulletin 19 of the State Geologist's Office (Bartlett, 1926) describes
mineral hot springs in Wyoming.
Studies in cooperation with State and local agencies began in the
early 1940's, and after World War II they were supplemented on a
major scale by studies undertaken as a part of the Interior Department's Missouri basin development program. Numerous reports have
been published, and others have been released to the open file either
as constituting an adequate treatment of a particular problem or
as a step on the way to publication. The first published products of
the Missouri basin program were issued as Geological Survey circulars, which are listed below. Later Missouri basin reports were
prepared for publication as water-supply papers, and these are listed
next. Both lists include some reports prepared as a part of the
cooperative program, or reports prepared jointly in cooperation with
State or local agencies and as a part of the Missouri basin program.
Finally are listed the reports released to the open file; these also
include representatives of all the different phases of the investigatory
program.
Circulars
No.

70
76
80
96
162
163
188
238

243

Area

Author (s)

Year

Wheatland Flats area, Platte County__
Gillette area, Campbell County. ______
Laramie Basin, especially Laramie and
Little Laramie River valleys.
Paintrock irrigation project, Big Horn
County.
Horse Creek-Bear Creek area, Laramie
and Goshen Counties.
Glendo-Wendover area, Platte County.
Pass Creek Flats area, Carbon County_
Torrington area, Goshen County (Soil
and Moisture Conservation Demonstration Area).
La Prele area, Converse County. ______

Littleton_ _________
___-do______-_____
____do______-____.

1950a
1950b
1950c

Swenson and Bach __

1951

Babcock and Rapp_

1952

Rapp and Babcock_
Visher_ ___________
Visher and Babcock.

1953
1952
1953

671316 O 63

62

Rapp_ ____________

1953
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Water-supply papers
No.
1140
1360-E
1367

1368
1375
1377
1418

1458
1475-F
1483

1490
1519
1531-A
1539-V
1596
1669-E
1698
____

Area
Egbert-Pine Bluffs-Carpenter area,
Laramie County.
Kaycee irrigation project, Johnson
County.
Crow Creek and Lone Tree Creek
basins,
Laramie
and
Albany
Counties, Wyo., and Weld County,
Colo.
Upper Niobrara River basin, Nebraska and Wyoming.
Riverton irrigation project, Fremont
County.
Goshen County__l______-_--__-___
Heart Mountain and Chapman Bench
divisions, Shoshone irrigation project, Park County.
Rawlins area, Carbon County_______
Grant Village site, Yellowstone National Park.
Upper Lodgepole Creek basin, Lara-

mie and Albany Counties.
Platte County____._-__-_---_____
Owl Creek area, Hot Springs County.
Upper Cheyenne River basin, South
Dakota and Wyoming, hydrology
of stock-water reservoirs.
Bear River valley, Uinta and Lincoln
Counties.
Greybull River-Dry Creek Area, Park
and Big Horn Counties.
Lyman-Mountain View area, Uinta
County.
Northern and western Crook County..
Niobrara County, ground water and
geology.

Author(s)
Rapp and others.--

Year
1953

Kohout___________

1957

Babcock and
Bjorklund.

1956

Bradley ___________

1956

Morris and others __

1959

Rapp and others___
Swenson___________

1957
1957a

Berry_____________
Gordon and others__

1960
1962

Bjorklund________

1959

Morris and Babcock.
Berry and Littleton.
Culler_____________

1960
1961
1961

Robinove and
Berry.
Robinove and
Langford.
Robinove and
Cummings.
Whitcomb and
Morris.
Whitcomb___ ______

1962
1962
0)
0)
(!)

Reports released to the open file
Area, subject
Author(s)
Ranchester area, Sheridan County, geology and Warner _ __________
ground water.
Laramie area, Albany County, geology and Morgan.__________
ground water.
Newcastle, Weston County, ground-water pos- Williams._________
sibilities.
Cheyenne area, Laramie County, geology and Morgan.__________

ground water.
Horse Creek and Cherry Creek basins, Goshen,
Platte, Laramie, and Albany Counties,
ground water; area extends beyond that
covered in Circular 162.
1 Publication pending.

Babcock_________

Year
1946
1947
1948b
1949

1952
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Reports released to the open file Continued
Area, subject
Edgerton area, Natrona County, ground water. _
Cokeville area, Lincoln County, geology and
ground water.
Laramie River basin and North Platte River
basin below Douglas, Converse County,
ground water.
Cheyenne River basin in Converse County,
geology and ground water.
Niobrara River basin, estimate of underflow
across Nebraska State line.
YU Bench and Emblem Bench areas, Big Horn
and Park Counties, domestic water from
wells.
Iron Mountain area, Fremont County_________
Area south of Riverton, Fremont County, artesian wells; area south of that covered in
Water-Supply Paper 1375.
Horseshoe Creek valley near Glendo, Platte
County, hydrologic conditions.
Osage area, Weston County, declining artesian
pressures.

Author (s)
Babcock and
Morris.
Berry_____________

Year
1953
1955

Bradley____.______

1955a

Morris.___________

1956

Babcock and
Keech.
Robinove__________

1957
1957

____do____________
____do____________

1958a
1958b

Weeks.___________

1960

Whitcomb_________

1960

In addition to the reports cited previously are two contributions
to guidebooks of the Wyoming Geological Association, one by Whitcomb and others (1958) on the eastern Powder River Basin and
western Black Hills and one by Gordon and others (1960) on the
northern Bridger Basin and adjacent overthrust belt.
GROUNT>-WATER RESOURCES

A fraction of Wyoming's area amounting to perhaps two-fifths to
one-half is underlain by sedimentary rocks, mainly unconsolidated
to semiconsolidated, from which at least small quantities of ground
water can be obtained by means of wells. In a much smaller proportion of the State's area, less than one-tenth, these rocks are
capable of moderate to large yields of water of generally good quality. In large part these larger supplies await development; only in
the southeastern and to a lesser extent in the northwestern and southwestern parts of the State is there concentrated pumping of ground
water in sizable areas, and these areas add up to no more than
1 to 2 percent of the State's area. On the other hand, development
of some of the potentially most productive aquifers will have to be
undertaken with an eye to the effect on surface-water supplies.
The aquifers underlying the largest areas are the Tertiary rocks
of the major structural basins, but the generally most productive
are deposits of alluvium lying along the larger streams. The alluvial
deposits are scattered over the State but are mostly in the eastern
two-thirds; in the western part they are found principally along
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the Snake, Salt, and Bear Rivers. These are the aquifers whose
development will have to be correlated with use of surface water.
Areas in which the Tertiary sediments are known or believed to
be capable of moderate to large yields include, among others, the
southern part of the High Plains and parts of the Green River,
Wind River, Bighorn, and Powder River structural basins and of
the upper Platte River drainage basin in Carbon County.
Ground-water resources and conditions can be described by structural basins or by drainage basins. These basins do not coincide
everywhere, owing to the way that some of the major rivers cut
across the mountains between structural basins for example, as the
Wind River cuts across the Owl Creek Mountains to become the
Bighorn River in the Bighorn Basin. In this report the State is
divided into five drainage basins or groups of basins, which cover
nearly all the State. Three minor basins, those of the Madison and
Yellowstone Rivers in the uppermost part of the Missouri River
basin in the northwest corner of the State and that of the Little
Missouri River in northwestern Crook County in the northeastern
part, are not of much significance with respect to ground water and
are not discussed further. The five major basins or groups of basins
are the North Platte and upper South Platte River basins; the
Mobrara, Cheyenne, Belle Fourche, Powder, and Tongue River
basins; the Green River basin; the Bighorn River basin; and the
Snake and Bear River basins.
NORTH PLATTE AND UPPER SOUTH PLATTE RIVER BASINS

The area drained by the upper South Platte River and the North
Platte and its principal tributaries, the Laramie and Sweetwater
Rivers, covers most of the southeast quarter of Wyoming and small
parts of the southwest and northeast quarters. It includes the
Laramie Basin, the south end of the Powder River Basin, the east
end of the Wind River Basin, the part of the structural basin beneath
the High Plains that lies in Wyoming, and small structural basins
in the headwaters of the North Platte River, mainly in Carbon
County.
The major cities, much of the industry, and a large part of the
irrigation farming in Wyoming are concentrated in the area. Cattle
and sheep raising also are important.
The perennial streams are fed mostly by melting snow in the
mountains. Rocks of early and middle Tertiary age are not as
extensive as they are in some of the other major areas in Wyoming
and are not highly permeable, and they and the relatively small
deposits of Quaternary alluvium generally do not discharge large
quantities of ground water to maintain high base flows in the streams.
More surface water is used in the North Platte River basin than
in any other major drainage basin in Wyoming. The diversion in
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1949 was estimated at 1,735,000 acre-feet. That in 1960 probably was
approximately the same, though dry weather and decreased discharge
in 1960 may have reduced the available supply somewhat. Possibilities for further development of surface water are small because of
court decrees establishing the quantities of water that must be allowed
to leave the State.
As a result of the large development of surface water, pumping of
ground water has been relatively small, though substantial, and has
been mainly for domestic and stock use and some public, industrial,
and irrigation use. The ground water is obtained principally from
alluvium along the larger streams and from strata of Tertiary age.
Water is pumped from alluvium to irrigate small tracts, or to
supplement surface water, along the Laramie River above Laramie
and the Little Laramie River above its mouth in Albany County; and
along the upper North Platte River in the Saratoga-Encampment
area, in Carbon County. Large quantities are pumped for irrigation
from alluvium along the North Platte in Goshen County. The number
of irrigation wells in that part of Goshen County increased from
73 to 150 between 1950 and 1960, and the draft in 1960 was about
15,000 acre-feet.
Ground-water pumping from alluvial terrace deposits for irrigation is fairly heavy in the Wheatland Flats area in Platte County.
Even more water is obtained from Tertiary strata. Some water is
pumped from the alluvium along Horse and Bear Creeks in northern
Laramie and southern Goshen Counties.
Another area of irrigation pumping from alluvium is the Glendo
area, along the North Platte River and Horseshoe Creek in northern
Platte County.
Elsewhere in the North Platte River basin few attempts have
been made to obtain large quantities of water from the alluvium,
but it is expected that pumping will continue to increase in areas of
known large supplies and that exploratory drilling will lead to
discovery and development of additional areas. The Sweet water
River valley in the stretch between the Green Mountains and the
Pathfinder Reservoir, and some parts of the North Platte valley
between the Alcova and Glendo Reservoirs, have some promise.
Water in strata of Tertiary age is developed on a substantial
scale. These strata yield substantial quantities of water for irrigation in the Wheatland Flats area in Platte County, as stated above;
the aquifer in that area is the Arikaree Sandstone of Miocene age.
The Arikaree yields some water for irrigation in southeastern
Niobrara County also. The total draft in the two areas in 1960 was
only about 5,000 acre-feet, but the success of the wells undoubtedly
will promote exploratory drilling in the Arikaree elsewhere in the
eastern part of the North Platte River basin in Wyoming.
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In southern Isaramie County, in the South Platte River basin, the
city of Cheyenne obtains a part of its' water from sand and gravel
in the Ogallala Formation of Pliocene age and from fractured siltstone in the underlying Brule Formation of Oligocene age. The
total use of ground water by the city in 1960 was about 5,000 acrefeet. In the Egbert-Pine Bluffs-Carpenter area in the southeastern
part of Laramie County, an estimated 15,000 acre-feet of water was
pumped for irrigation in 1960, largely from the Brule Formation
but partly from the Ogallala Formation and Quaternary deposits.
In 1951 the yields of 47 wells were reported to range from about 500
to 1,000 gpm or more and to average about 800 gpm.
In southern Carbon County the North Park Formation of Pliocene (?) age, which lies along the east side of the basin of the upper
North Platte River both north and south of Saratoga, has been
tapped mainly by stock and domestic wells, but a few irrigation wells
have moderate to large yields. The great saturated thickness of the
North Park in some areas, as much as 800-to 1,700 feet, suggests
that the formation may yield at least moderate supplies for larger
scale uses in areas where it is not now tapped. Possible uses of the
water include supplementary supply for public use at Rawlins and
for irrigation in the Saratoga-Encampment area. Pre-Tertiary rocks
east and south of Rawlins, on the flanks of the Rawlins uplift, are
another potential source.
The Browns Park formation of Miocene (?) age, which underlies
the North Park Formation and crops out in the basin to the west,
directly south of Rawlins, is another potential source of moderate
supplies.
Problem areas include Cheyenne, Laramie, Casper, and Rawlins,
where available surface supplies have not been entirely dependable
as a source for public use (Cheyenne has recently passed a bond
issue to finance additions to the surface-supply system) and at the
latter two of which there have been problems of quality of water
also. Others include the Wheatland Flats area and, to a lesser
extent, the North Platte valley in Goshen County, where problems
of waterlogging and drainage result from application of surface
water for irrigation; the general area west of Cheyenne where
demands for ground water for public supply and other uses are
growing and available supplies are not large; and the Egbert-Pine
Bluffs-Carpenter area and adjacent parts of southeasternmost Wyoming, where irrigation development may be at or near the practical
maximum.
Another problem is created by attempts to obtain irrigation water
from wells in places where surface water is unavailable or in short
supply. Under present conditions most of these attempts must be
made without the benefit of good geologic and hydrologic information,
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for large parts of the area have not been covered even by reconnaissance studies. General studies have ben made in Goshen and
Platte Counties, in parts of Laramie County, and in the Kawlins and
Laramie areas, but even these were not detailed enough to answer
all the questions that may arise when large water supplies are being
sought.
Still another problem is soil erosion and sedimentation. The situation has not been serious in recent years of below-normal precipitation and runoff, but a return to greater precipitation could aggravate it.
Full appropriation of most of the surface water of the North and
South Platte basins tends to limit the development of ground water
where consumptive use of the water would result in substantial depletion of streamflow. The large storage reservoirs on the North Platte,
including the Glendo, Alcova, Pathfinder, and Seminoe Reservoirs,
store ample water for irrigation along the main valley; they provide
protection from floods also. Drainage and salvage of irrigation waste
and return water would enable greater use of the portion of the
river's water allocated to Wyoming. Additional storage on tributaries might enable irrigation of some land now dependent on seasonal precipitation for crop growth, but evaporation losses from
such reservoirs would have to be considered, as discussed in the
next section.
NIOBRARA, CHEYENNE, BELLE FOURCHE, POWDER, AND TONGUE RIVER BASINS

The Niobrara, Cheyenne, Belle Fourche, Powder, and Tongue
River basins lie mostly in the Powder River structural basin, between
the Black Hills and the Bighorn Mountains, and, of course, within
the Missouri River drainage basin. The basins form an area, mostly
semiarid, of broad prairies broken by isolated badlands, low ridges,
and buttes. Stockraising and farming are the principal activities,
though oil production also is important. The few towns are primarily "service centers" for the population, which is mainly rural.
Perennial streams are nearly absent, the only major gaged stream
that has not been observed to dry up entirely on occasion being the
Tongue River, which near Acme was observed to flow as little as
3.4 cfs during the period 1938-56 (U.S. Geol. Survey, 1960b, p. 95).
Ground water therefore is the principal source of domestic, stock,
and public supplies, and it is pumped in a few places to supplement
surface-water supplies for irrigation, as well as for some small industries. Alluvial deposits capable of yielding moderate to large supplies are confined to the valleys of the Cheyenne, upper Belle Fourche,
Powder, and Tongue Rivers and their principal tributaries, especially
the Tongue River and its tributaries Goose and Wolf Creeks and
the Powder River and its principal tributaries Crazy Woman and
Clear Creeks.
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The Tertiary rocks consist of interbedded sandstone, generally fine
grained, siltstone, and claystone and generally yield only small to
moderate supplies to wells. The water is artesian but under low
head, and there are few flowing wells. Yields of wells rarely exceed
50 gpm, and most are less. Many of the towns have had difficulty
in obtaining enough water to meet even their modest requirements.
There is, however, one area in which the Tertiary rocks have been
shown to be productive. This is in the Niobrara River valley in the
vicinity of and downstream from Lusk, in Niobrara County (Whitcomb, publication pending). The Arikaree Sandstone yields moderately large quantities of water to wells, and the thin alluvium
above it yields a little; the water is used mostly for irrigation.
Near the Black Hills, where older rocks are exposed in the flanks
of the Black Hills uplift, pre-Tertiary rocks yield some water.
Small yields have been obtained from sandstones in the Lakota and
Fall River Formations of Early Cretaceous age, and locally large
flows have been obtained from the Pahasapa Limestone of Early
Mississippian age and the Minnelusa Sandstone of Pennsylvanian
and Permian age. Two municipal wells at Hulett in Crook County
reportedly flowed 300 gpm each from the Minnelusa Sandstone.
Two wells near Newcastle in Weston County were flowing 580 and
1,400 gpm from cavernous zones in the Pahasapa Limestone when
measured in 1960.
The current pumpage of ground water in the area as a whole is
unknown but is not great. The alluvium and Tertiary strata may
have yielded a total of a few tens of thousands of acre-feet in 1960,
the water coming from widely scattered wells except in the one
area of concentrated withdrawal in the lower Niobrara River valley.
The pre-Tertiary rocks yielded a total of perhaps 5,000 acre-feet,
1,000 from the Minnelusa Sandstone and 4,000 from the Pahasapa
Limestone.
Surface water is used for irrigation to the extent of its availability.
There is only one large reservoir, the Keyhole Reservoir on the Belle
Fourche River some miles west of Sundance. The Cheyenne, Powder,
and Tongue Rivers are the chief sources of irrigation water, but in
the absence of sizable reservoirs these streams are characterized by
infrequent floods alternating with long periods of low flow or no
flow. In 1960 the flow of the Powder River leaving the State was
only 28 percent of the average of record, and that of the Cheyenne
River only 12 percent. During 1960 approximately 225,000 acre-feet
was diverted from the Cheyenne, Powder, and Tongue Rivers for
irrigation of about 125,000 acres. As in most years, most of the water
was available during the late spring and early summer, and there
were late-season shortages.
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Extensive deposits of coal and bentonite are present in the area.
(Bentonite is a fine-grained rock resulting from chemical decomposition of deposits of volcanic ash. The particles have the property
of swelling when wet, and suspensions of the material are used to
seal reservoirs and canals, in oil-field drilling mud, and for many
other purposes.) Future development of the deposits, as well as
expanding production of oil, is expected to place greater demands on
the water supplies of this, the generally most water-deficient part
of Wyoming. Great expansion of the present cultivated acreage is
not anticipated because of lack of adequate surface water and of
highly productive aquifers. Unsatisfactory quality of water in the
alluvium and Tertiary rocks, as well as inadequate quantity, is a
problem in many areas.
Erosion and sedimentation are problems, and there has not been
as much progress in combating these problems in this relatively undeveloped area as there has been in southeastern Wyoming. Additional
surface reservoirs would be helpful in reducing floods, providing
space for sediment storage, and increasing the water supplies in
streams at times of need. Under present conditions large quantities
of water are lost from Wyoming in some years in the form of floods,
and some of this floodwater is surplus to the current needs of downstream States as well. Thus Wyoming could retain a part of the
water for beneficial use if reservoirs could be provided. However,
the evaporation losses from additional reservoirs would have to be
considered, as discussed below.
In Wyoming, as elsewhere in the West, farmers and ranchers in
recent decades have built many small reservoirs to impound surface
runoff, chiefly for stock water but to some extent for irrigation supply. These reservoirs, which generally are constructed simply by
throwing up an earthen dike across a drainageway at little cost,
have been helpful in firming up water supplies for use in dry
weather. They do have a water cost, however. Most are relatively
broad and shallow and lose considerable water by evaporation. Studies
in recent years have tended to confirm that such reservoirs are
responsible in part for a slight but widespread tendency toward a
decrease in runoff from a given amount of precipitation, which has
been apparent for some decades (Hoyt and others, 1936) but could
not be explained and still cannot be explained fully on the basis
of available data. One of the significant recent studies was made
in the upper Cheyenne Kiver basin (Culler and Peterson, 1953;
Culler, 1961; Hadley and Schumm, 1961). The studies show that in
some small basins reservoir losses by evaporation and seepage (the
latter possibly recoverable in part) may account for as much as
half the runoff in a dry year (Culler and Peterson, 1953, p. 1). For
the whole Cheyenne River basin in Wyoming and South Dakota
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above the Angostura Dam, the studies suggest that the loss tends
to be equivalent to a little less than half the remaining runoff at the
Angostura Dam when that runoff is less than 140,000 acre-feet per
year that is, equivalent to a little less than one-third of the presumed runoff under natural conditions. When the runoff remaining
at the Angostura Dam is higher, up to about 180,000 acre-feet per
year, the percentage equivalent decreases slightly, to about 43 percent
of the remaining runoff. When the remaining runoff is above 180,000
acre-feet per year the loss remains about the same in thousands of
acre-feet per year that is, no more is lost even though more is
available so that the percentage equivalent decreases (Culler, 1961,
p. 132-135, fig. 19).
Hadley and others (1961) discuss the hydrologic effects of a
water-spreading project in the basin of Box Creek, in the Cheyenne
River basin in Converse County. The project is designed to reduce
erosion and sedimentation in the area downstream.
Future ground-water development would be facilitated if at least
reconnaissance studies of the whole area could be made. Only a few
reports have been published to date. Among them are those on the
Gillette area in Campbell County (Littleton, 1950b), the Kaycee irrigation project in Johnson County (Kohout, 1957), and the upper
Niobrara River basin (Bradley, 1956a). Reconnaissance studies in
northern and western Crook County and in Niobrara County have
been completed (Whitcomb and Morris, publication pending; Whitcomb, publication pending). Reconnaissance studies are underway in
Sheridan and northern Johnson Counties. These four studies cover
the principal areas of present ground-water development.
.GREEN RIVER BASIN

The Green River drains much of the southwest quarter of Wyoming. Its basin is the only major basin in the State in which the
surface-water supply is believed to be more than adequate to meet
present and anticipated needs.
The drainage basin corresponds in a general way with a large
structural basin or group of basins which terminates abruptly against
high mountain ranges on the north (Wind River Mountains), west
(overthrust belt of the Rocky Mountains), and south (Uinta Mountains in Utah). On the east the basin is terminated less abruptly
by the Rawlins uplift and the Sierra Madre. The lowlands are
characterized by a flat or rolling surface eroded in recent geologic
time into low ridges and buttes and extensive badlands. Much of
the interior is arid and devoid of perennial streams. Precipitation on
the mountains to the north, west, and south supplies most of the flow
of the Green River and its largest tributary, Blacks Fork. The
desert climate has limited the development of both agriculture and
industry in the basin, which has vast natural resources including
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such things as oil shale and trona (sodium carbonate and bicarbonate)
in the thick and extensive Green River Formation of Eocene age.
Coal and oil and gas also are present in the basin.
Alluvium capable of yielding moderately large supplies of ground
water, locally of poor quality, is present along parts of the Green
River and Blacks Fork. Another tributary of the Green, Sandy
Creek, also has some alluvium. A study in the Lyman-Mountain View
area on Blacks Fork (Robinove and Cummings, publication pending)
indicates that moderate supplies are available from the alluvium in
the area. The ground water in the alluvium has not-been developed
to any appreciable extent because of the general availability of ample
supplies of surface water.
The potentially most important alluvial deposit in the basin is a
large compound alluvial fan on the southwest side of the Wind River
Mountains in Sublette County. The water supply of the alluvium is
almost undeveloped, but it contributes substantially to the flow of
the Green River.
Tertiary rocks underlie the different structural basins within the
Green River drainage basin to depths as great as 5,500 feet. They
consist largely of claystone, siltstone, and fine- to coarse-grained
sandstone. The water in the sandstone is under artesian pressure in
most areas, but in most places the beds dip, and the land surface
slopes, too gently for high heads to be built up. Some ground water
has been developed for domestic and stock use and for small public
supplies. The available information is too scanty to justify an opinion
as to the possibilities of obtaining large supplies. Certainly some of
the water, especially in the central parts of the individual structural
basins, is highly mineralized, for in large part the sediments were
deposited under arid conditions and still contain the soluble salts
present in the water that laid them down.
Pre-Tertiary rocks that can be reached at practical drilling depths
around the periphery of the basin include shale, siltstone, and finegrained sandstone of Jurassic and Cretaceous age. The sandstone
beds may yield flowing water in topographically low areas, but the
yields are not expected to be large.
Green River near Linwood, Utah, just south of the Wyoming line,
flowed an average of 1,434,000 acre-feet per year in 1928-57 (U.S.
Geol. Survey, 1960b, p. 94-95). The flow in 1960 was only about fiveeighths of the average. It is estimated that at least 300,000 acre-feet
of water was diverted from the main stem and principal tributaries
in 1960 and was used to irrigate about 250,000 acres, about half the
estimated irrigable area. The chief crop is hay. Apparently, with
adequate storage, the supply of surface water would be more than
adequate to serve all the irrigable area. Only two large storage
reservoirs had been completed as of early 1962, on Sandy and
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Little Sandy Creeks in Sublette and Sweetwater Counties, but the
Seedskadee Reservoir was under construction on the Green River
near La Barge. There are several natural lakes, in basins of glacial
origin on streams flowing off the southwestern slope of the Wind
River Mountains. The Flaming Gorge Reservoir, to be created by a
dam being built on the Green River in Utah, will serve as a source of
electric power for a part of the Green River basin but will not be a
source of gravity water for irrigation of lands in Wyoming.
The industrial expansion that seems likely to occur in the future
will require the location and development of additional sources of
chemically acceptable ground water, as well as the use of additional
surface water. Reconnaissance studies of ground water are needed
in the whole basin. Data are needed also on flow, chemical quality,
and sediment in small streams. Sediment data are needed especially
for streams on which storage reservoirs may be constructed.
Mining of trona is hindered to some extent by inflow of ground
water. The problem is under control so far as existing mines are
concerned. A mining-hydrology study is now underway in the vicinity
of Westvaco in Sweetwater County, in anticipation of possible
problems there.
BIGHORN RIVER BASIN

The Bighorn River basin makes up most of the northwest quarter
of Wyoming and small parts of the northeast and southwest quarters.
It includes two large structural basins, the Bighorn and Wind River
Basins, plus a part of the Absaroka Mountains and Plateau. As
denned for this report it includes in the northwest an area in the
headwaters of the Yellowstone River, which is not a tributary of
the J3ighorn River; instead, the Bighorn drains into the Yellowstone in Montana. The Wind River can be considered a tributary
of the Bighorn but in reality it is simply the upper part of the
same river. The Wind River flows northward out of the Wind
River basin, cutting across the Owl Creek Mountains in the Wind
River Canyon to enter the Bighorn Basin. At the lower end of the
canyon, about 12 or 14 miles south of Thermopolis, the name of the
stream changes at a point known as the "Wedding of the Waters"
from Wind River to Bighorn River.
The area is one of arid basins surrounded by high mountains. The
runoff from the mountains is substantial, and the Bighorn is the
second largest river in Wyoming. When the flow of the Yellowstone
River and its Clarks Fork is included, the area as denned accounts
for roughly a third of the total runoff in the State, in excess of 5
million acre-feet per year. Much of the water being available at
elevations above those of the basin floors, the area is one of heavy
use of surface water for irrigation. Oil and gas production also are
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important, and there are large undeveloped resources of coal and
bentonite.
Irrigation is concentrated along the major streams the Bighorn,
Wind, and Shoshone Rivers and major tributaries. Most industries
also are situated along these streams. Ground water is the principal
source of stock and demostic water outside the major stream valleys.
Alluvium of Quaternary age is found chiefly in stretches along
the major streams in the lower, flatter parts of the basins the Bighorn from the mouth of the Greybull River upstream to Thermopolis,
the Greybull upstream to about Meeteetse, the Shoshone in most of
(he stretch between the mouth and Cody, the Wind in its entire
course across the floor of the Wind River Basin, and the Popo Agie
and Little Wind Rivers above Riverton. In some reaches along these
streams and their principal tributaries the zone of saturation in the
alluvium is. of moderate thickness. In the most favorable localities
moderate to large supplies of water might be obtained, but in many
of these same localities surface water is abundant and there has been
little need to obtain water from the alluvium.
The two major structural basins are partly filled by Tertiary rocks
consisting of lenticular, interbedded shale and fine-grained sandstone.
The sandstone yields small supplies to many stock wells and a few
domestic wells. Larger supplies are obtained in some areas, such
as for some municipal wells and wells of a uranium mill at Riverton,
and for municipal wells at Shoshoni. In Gas Hills, water in the
Tertiary is abundant enough to cause trouble in open-pit uranium
mines. Additional study is needed to define the water-yielding
potential of the Tertiary rocks.
Pre-Tertiary rocks generally lie at great depth within the basins.
Where they have been uplifted along the edges of the basins they are
accessible to wells, and they include a few good aquifers, especially
on the east flank of the Bighorn Basin and southwest flank of the
Wind River Basin. In these areas oil tests have discovered large
quantities of water in the Madison Limestone of Mississippian age
and the Tensleep Sandstone of Pennsylvanian age, generally under
enough pressure to flow. Few attempts have been made to obtain
water from these rocks because of the narrowness of the belts in
which they lie within economical drilling depth. The Wyoming
Xatural Resource Board is investigating the possibility of reconstructing some abandoned oil test holes for water-supply use. One
such converted well near Tensleep is reported to flow at the rate
of 2,600 gpm.
There are some problems, in addition to the limited availability of
ground water except in areas where there is relatively little need for
it. Even the major streams vary considerably in flow, and large
reservoirs have been built on the Wind and Shoshone Rivers to regu-
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late the flow. Even so, late-season flows may be inadequate for irrigation. For example, in 1960 the flow of the Bighorn Eiver was
only a little more than half the average, and the total amount of
water diverted was reduced appreciably.
Unregulated tributaries sometimes have large flood discharges,
which are lost for useful purposes and which cause damage to diversion canals. Erosion and sedimentation of streambeds and reservoirs
are problems throughout the area. Some problems of waterlogging
and deterioration of water quality have resulted from irrigation.
Waterlogging has been largely corrected by drainage and reduced
irrigation applications but is still a problem locally. Water-quality
deterioration is due in part to "return' flow" of irrigation water
through alluvial deposits containing soluble matter, as well as to
evaporation from irrigated fields and waterlogged tracts, and thus
the deterioration cannot be stopped entirely.
Careful management of soil and water will be required to reduce
flood and sediment damage, conserve water and increase low flows,
avoid waterlogging, and minimize water-quality deterioration.
With such management, a large additional supply of water can be
developed in the area.
Additional studies are needed to define the ground-water potentialities in the large areas for which little information is available and to
guide future water management, especially the water-quality phase.
Studies have been made in the Greybull Eiver and Owl Creek valleys
(Robinove and Langford, 1962; Berry and Littleton, 1961); the
Riverton irrigation project on the Wind River (Morris and others,
1959) ; the Heart Mountain and Chapman Bench divisions of the
Shoshone project (Swenson, 1957a) ; and the Paintrock project on
Nowood Creek, a tributary of the Bighorn River, and Paintrock
Creek, a tributary of Nowood Creek (Swenson and Bach,
1951). Quality studies of surface water, involving both chemical
and sediment content, also are needed for effective water management.
SNAKE AND BEAR RIVER BASINS

The Snake and Bear River basins occupy a small area along the
west edge of the State, south of the headwaters of the Missouri
River. The Snake River basin takes in the southwestern part of
Yellowstone National Park, nearly all of Teton County, most of the
northern projection of Lincoln County, and bits of Fremont and
Soiblette-, Counties. The part of the Bear Eiver basin in Wyoming
is narrower and smaller, taking in only a narow strip at the west
edges of Lincoln and Uinta Counties.
The area of the two basins is one of high, forested mountains and
deep valleys. The precipitation, especially in the Snake River Basin,
is higher than in the part of the State to the east, ranging from 12
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to 20 inches in the valleys and rising as high as 40 inches in the
mountains. The runoff also is relatively high. The Snake Kiver is
the largest stream in the State. It flowed an average of about 3 Ms
million acre-feet per year at the Alpine station not far east of the
Idaho line during a period of record including 1937-38 and 1953-57
(U.S. Geol. Survey, 1960b, p. 94-95). Below the Alpine station but
still east of the Idaho line the Greys Kiver discharges about half a
million acre-feet per year into the Snake. Another half-million
acre-feet per year is discharged into the Snake in the Salt River,
just east of the Idaho line. Thus the Snake has a total flow of some
4 to 5 mililon acre-feet per year where it discharges into Idaho.
The Bear River brings in about 140,000 acre-feet per year from
Utah, as measured in 1942-57 at the Utah line, and discharges about
300,000 acre-feet per year, roughly twice as much, into Idaho as
measured in 1937-57 at Border.
The area is lightly populated and has little industry and agriculture. Beef cattle and lumber are the principal products. There
is some irrigation, especially in the Bear River valley, where surface
water is the chief source but some ground \vater is used in the area
near Cokeville. Ground water is used also for domestic and stock
supply and for part or all of the public supplies of some
communities.
As in the Bighorn River basin, there are deposits of coarse,
permeable alluvium along the main streams, and large supplies of
ground water could be pumped. The vicinities of Cokeville and
Evanston along the Bear River are especially promising. The water
in the alluvium is generally of good quality for ordinary uses.
The water supply of the Bear River is divided by compact among
Wyoming, Utah, and Idaho, so that pumping and consumptive use
of ground water that resulted in depletion of the flow of the stream
would have to be taken into account along with direct diversions
of surface wrater.
Rocks of Tertiary and pre-Tertiary age yield water to numerous
springs and a few stock and domestic wells. Large yields generally
are not to be expected. The water generally is considered potable,
though some of it is rather highly mineralized.
Water problems are relatively few, and are not likely to become
serious unless population and water demand increase greatly. The
discharge of the Snake and Bear Rivers was below average in 1960,
about 80 and 63 percent of the average for periods of record totaling
22 and 7 years, respectively. The decrease in flow apparently did
not materially affect the amount of water avail able, for diversion in
Wyoming, as stream discharges are generally at their maximum
during the growing season.
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One potential problem is an increase in the mineral concentration
of water as a result of return flow from increased irrigation.
A general study of the water resources of the Bear River valley
has been completed and a report is in press (Robinove and Berry,
1962). Similar studies are needed in the part of the Bear River basin
outside the alluvial valley, and in the whole Snake River basin. A
continuing program of quality-of-water monitoring is needed to
keep track of the effect of irrigation and other water uses on the
quality of both surface and ground water in both basins.
PROBLEMS, PROSPECTS, AND NEEDS

Under present conditions the chief water problems of Wyoming
relate to the principal water use. irrigation. The needs include
provision of additional storage to increase late-season supplies,
control of erosion and sedimentation, and water-quality management. The largest individual irrigation projects have been built
by the Bureau of Reclamation, but these cover only about 300,000
of a total of 1,700,000 irrigated acres. Private individuals and
companies have developed about 1,100,000 acres on their own, and
private companies another 200.000 acres under the Carey Act.
About 30,000 acres is irrigated under Indian Bureau projects.
Storage for irrigation leads to important additional benefits
generation of hydropower, and protection against floods. Flood
problems have not been as serious as in many other States, largely
owing to the presence of the irrigation reservoirs. The three principal
reservoirs in which flood-storage capacity is specifically provided are
Boysen on the Wind River, Glendo on the North Platte, and Keyhole
on the Belle Fourche, but many other reservoirs constructed solely
for irrigation serve the same general purpose. Cloudburst floods on
small streams are difficult to guard against and have caused some
damage.
Under existing compacts and decrees Wyoming is required to
permit several times as much water to leave the State in the principal
streams as it is entitled to retain within the State for consumptive
use. The only river system in which a large undeveloped supply
remains is that of the Green River. The total supply there seems
to be in excess of total present and foreseeable needs, though additional storage will be neded to firm up the supply to meet even
those needs. Even so, substantial additional development will be
possible in other major basins through more comprehensive water
management that will salvage waste water, reclaim waterlogged land,
and control water-quality deterioration.
Water-quality problems are among the most serious facing the
State. Deposits that were laid down under arid conditions and that
contain much soluble material underlie large areas in the State,
so that both natural ground-water outflow and irrigation return water

WYOMING

981

are highly mineralized in many places. Sediment problems, another
phase of quality of water, are locally serious though considerable
progress has been made in combating them. Future water management will involve quality control to an extent greater than is necessary in many other States, and a large amount of basic information
remains to be gathered before effective control can be exercised.
Ground water is a largely undeveloped resource. Most of the best
aquifers' are in the river valleys where surface water is available,
and development in these valleys may continue to be inhibited somewhat by that fact. Also, large-scale ground-water development will
tend to deplete streamflow and will have to be regulated on this
account.
On the other hand, the presence of the aquifers along the streams
offers many opportunities for coordinated water management to
take advantage of ground-water storage to increase available supplies in the dry season and in dry years, for ground-water pumping
to salvage evapotranspiration losses and relieve waterlogging, and
so on. Viewed in this way, the ground-water reservoirs along the
stream valleys can be seen to be an important part of Wyoming's
water assets, even if they cannot be regarded as independent sources
of large supplies of new water except as their development salvages
water now being discharged by evapotranspiration.
Additional detailed studies of ground water undoubtedly will
point the way to development of water from many aquifers, both
within and outside the major stream valleys, that are poorly known
or even unknown at this time.
The State (State Officials, 1960, p. 392-393) sums up its basic
needs as provision of storage to supplement existing supplies for a
considerable part of the currently irrigated acreage, provision of
adequate water for future municipal and industrial uses in the parts
of the State where population growth is expected to be greatest, full
development of the ground-water potential, negotiation of additional
compacts with neighboring States to safeguard the interests of all,
and Federal legislation to confirm and safeguard water rights secured
under State law. The State brings out several points in relation to
subjects raised by the Senate Select Committee on National Water
Resources: that a considerable part of the water needed for the
future can be developed by conventional means as land values increase
enough to justify the construction of projects that are not now
feasible, that control of water-consuming vegetation will help to
conserve water supplies but must be undertaken with an eye to the
value of some of the vegetation for shelter of livestock, that weather
modification on the basis of experiments made in Wyoming is not
a promising means of increasing the water supply, that control of
67131& O 63
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reservoir evaporation (by such means as chemical films) and reduction of canal seepage losses are promising, that desalination if made
economical would benefit large areas where all the available water is
of poor quality, and that the need for water for pollution abatement
is not yet great.
To the requirements mentioned above might be added a need for
much additional hydrologic information to serve as a basis for
effective and economical attack on the various problems. Needs for
ground-water and quality-of-water information can be inferred from
what is said in the section on "Ground-Water Studies" and in the
descriptions of areas. Surface-water data are reasonably adequate
for the major streams, but a great deal more must be learned about
the discharges of small streams, both in the mountains and on the
plains. Many small communities in areas where ground water is
scarce, fully developed, or of poor quality are faced with critical
shortages of water. Data on streamflow are urgently needed to permit proper design of surface-supply systems.
As a result of its climate and topography Wyoming has recognized the need for and has succeeded in developing a supply of
water for irrigation that is moderately large in an absolute sense and
is very large when considered on a per capita basis. When the water
supply available to the State is fully exploited by means of additional storage and ground-water development, Wyoming will be in
a position to supplement the water supply for the area now irrigated, to irrigate additional land in some areas, and, to the extent
warranted by future developments, to make use of a part of its
water for new industries.
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