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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 comsider 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 informa-
tion on the subject matter of their deliberations.

The situation in the 1950’ 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 Intergovern-
mental 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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v PREFACE

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 unpub-
lished 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 agen-
cies, 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, Ill., Dr.
John C. Frye, Chief.

Illinois State Water Survey Division, Urbana, I1l., Mr. William
C. Ackermann, Chief.

Missouri Division of Geological Survey and Water Resources,
Rolla, 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 pre-
paring 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

State or area subdistrict (sub.) office Author(s) of summary
Alabama__________ Tuscaloosa___.____ P. E. LaMoreaux and W. J. Powell.
Alaska____________ Anchorage__.._____ R. M. Waller.

Arizona._ __________ Tueson._..__.______ P. E. Dennis, P. W. Johnson, and

Natalie D. White.
Arkansas_.__.____. Little Rock._______ H. N. Halberg.
California_____.____ Sacramento_.._____ E. J. McClelland and Fred Kunkel,
updating 1950 report by J. F.
Poland and J. E. Upson.
Colorado___.______ Denver.______.____ D. L. Coffin.
Connecticut._______ Middletown (sub.).. A. M. LaSala, Jr., updating 1950
report by B. L. Bigwood and
R. V. Cushman.

Delaware__________ Newark_ - ._______ 0. J. Coskery.
Florida__.__________ Tallahassee. .. ____ N. D. Hoy.
Georgia__ _________ Atlanta_ _ _________ J. T. Callahan.
Hawaii, Guam, and Honolulu.___.______ D. A. Dayvis.

American Samoa.



State or area

Kentucky - .- ______
Louisiana______.____

Maryland_ - - ______
Massachusetts_ . ___
Michigan__________
Minnesota_________

Mississippi-_ - .__

Missouri__..._._____

New Hampshire____
New Jersey.._.__._.
New Mexico_______

New York:
Upstate_ ______
Long Island____

North Carolina_____

North Dakota,

Pennsylvania______
Puerto Rico________
Rhode Island._ . ___
South Carolina_____
South Dakota.___..

PREFACE:

Location of district or
subdistrict (sub.) office

Indianapolis_ ______
Towa City_ .- ____
Lawrence_.________
Louisville__________
Baton Rouge_-.__.
Augusta (sub.)-.__.__
Baltimore._ . _______
Boston_.__________

Jackson.__________

Little Rock, Ark___

Billings_ _ . ____.____
Lincoln___________
Carson City____.___
Boston, Mass______
Trenton___________
Albuquerque_______

Mineola (sub.) - _.__
Raleigh___________
Grand Forks___..__

Columbus_ ___._____
Oklahoma City_____
Portland _ . ________
Harrisburg_ - _____
San Juan____._____.
Providence (sub.).._
Columbia_..__.____

Author(3) of summary

M. J. Mundorff. .

C. L. R. Holt, Jr., with assistance of
H. ¥. Smith, Head, Engineering
Section, Illinois State Water Sur-
vey 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 Divi-
sion of Geological Survey and
Water Resources, and Anthony
Homyk, U.S. Geological Survey,
Rolla, Mo.

F. A. Swenson.

C. F. Keech.

0. J. Loeltz and G. T. Malmberg.

O. M. Hackett and J. M. Weigle.

S. 8. Subitzky.

Personnel of district office under
supervision of W. E. Hale, dis-
trict 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. Allen.

G. E. Siple.

L. W. Howells and J. E. Powell.
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Location of district or

State or area subdistrict (sub.) office Author(s) of summary
Tennessee_ _ __.____ Nashville_______.__ J. H. Criner.
Texas. ... _____ Austin_ ______._____ 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.

Utah______________ Salt Lake City_____ H. D. Goode.

Vermont _ __ _______ .. (No 1960 report; 1950 report by
H. B. Kinnison and J. E. Upson).

Virginia_ . _________ Trenton, N.J______ Allen Sinnott.

Virgin Islands____._ San Juan, PR_____ I. G. Grossman.

Washington._______ Tacoma_____ _____ A. A. Garrett and K. L. Walters.

West Virginia___._. Morgantown_______ Gerald Meyer.

Wisconsin_ - _._____ Madison._.__.__.___ C. L. R. Holt, Jr., and D. B.
Knowles.

Wyoming__________ Cheyenne_________ E.D. Gordon and H. A. Whitcomb.

The same offices that prepared the summaries reviewed the sec-
tions 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. C. 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 incaleulably 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 realiza-
tion 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 develop-
ment 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
Basing), 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 defilned, 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 deflned
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

1



2 ROLE OF GROUND WATER IN NATIONAL WATER SITUATION

with the Columbia Lava Plateau in an area in which block-fault mountains of
voleanic 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 over-
lain 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 unim-
portant, 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 Nebi'aska, 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 Plaing 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 gr~atest part is characterized
by only small to moderate ground-water supplies in the bedrock strata and by
§aline ground water at depths more than a few tens to a few hundreds of feet
below local streamn 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 morth 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. Irriga-
tion 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, north-
eastern 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 regioms, 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 un-
glaciated 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 zome 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 the 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 water-
bearing rocks are sandstone, but there are some rather productive carbonate-
roc}{ 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 produc-
tive bedrock aquifers are sandstone in part of northern New Jersey and sand-
stone 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 Con-
tinental 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 0—63——2
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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 encroach-
ment-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. Never-
theless, 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 salt-
water 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 appTtoaching full development.
. Puerto Rico has large ground-water supplies in certain areas and a sub-
stantial 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 hydro-
logically 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, begin-
ning 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 enmormous 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 techmiques that will be tested as methods of increasing
water supplies include (1) reduction of evaporation from reservoirs, (2) reduc-
tion 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 reduc-
tion. of fiood damage and more efficient planning of 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, develop-
ing, 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 under-
standing 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 ques-
tions, especially the second, that this report was prepared. The re-
port 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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seriptions 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 Rico and the
American Virgin Islands, Guam, and American Samoa.

This report might logically have formed a part of the Geological
Survey’s contribution to the Senate Select Committee on National
Water Resources, 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—es-
pecially 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 al-
ready 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 big-
gest question of all: How can ground water and ground-water reser-
voirs be made to play their full, vital part in satisfying tomorrow’s
enormous needs for water-storage facilities, water supply, and con-
trol 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 greund-water reser-
voirs, 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 ewould 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 Resources (1961a, p. 6) estimates that gross with-
drawal requirements (including water for fuel-electric power but
not hydropower) will increase from an estimated 300 bgd (billion
gallons per day) in 1954 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). Never-
theless, 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, de-
tailed 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. Neverthe-
less, 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 prob-

1 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. Wea-
ther Bureau, 1959, p. 25). About 213 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 sup-
ply (Langbein and others, 1949, p. 5). Of this we have been with-
drawing 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 con-
ditions—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. 18; 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 ex-
pensive 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 sup-
plies, local overuse and depletion of supplies, man-induced contami-
nation 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 com-
bining the annual-runoff map of Langbein and others (1949, pl. 1)
with a map of ground-water areas prepared by H. E. Thomas (1951,
pl. 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 eircu-
lation 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 hydro-
logic cycle and the reasons why future major water projects should
be based on comprehensive planning. Single solutions to single prob-
lems 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 de-
scription 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 low-
pressure 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 (pl. 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 moun-
tain crests. In the rain shadow lie thé 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 re-
treat 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. (Har-
beck and others, 1954), and Lake Mead, Ariz.-Nev. (Harbeck and
others, 1958). (For a guide to other literature, see Robinson 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 Na-
tional Water Resources. It was prepared by subtracting runoff as
shown on the map of Langbein and others (1949, pl. 1; contours
reproduced in pl. 1 of this report and in fig. 7 in U.S. Dept. Agri-
culture, 1959b) from precipitation as shown on a map prepared by
the U.S. Weather Bureau (U.S. Dept. Agriculture, 1959, fig. 8;
reproduced as pl. 2 in this report). It does not purport to show
actual values for evapotranspiration and in the Agriculture Depart-
ment’s report is entitled simply “Precipitation retained.” However,
a map based on direct determinations of evapotranspiration ob-
viously 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 in-
significant 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, how-
ever. 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 move-
ment, (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 evapotrans-
piration 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 sea-
sonal 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 run-
off is so impertant 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 run-
off. 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 (pls. 1, 2). There is a little ground-
water 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 sug-
gest. 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 proce-
dure 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 pre-
cipitation will do the job. This method promises moderate in-
creases 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 eco-
nomically 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 evapotranspira-
tion, by eradicating water-loving plants of low economic value,
or by managing vegetated areas, especially forests, for greater
water yleld with minimum sacrifice of the other values of these
areas.

8. We can, of course, reduce our demands for new water by chang-
ing 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 gen-
erally 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 men-
tioned 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 repre-
sent 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 pre-
cipitation 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 satis-
fied. 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 7 in the preceding section, forests can be
managed for increased water yield by methods that will not sub-
stantially 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 im-
portant 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. 17-18) 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 17 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. 96-97.)

The relation of vegetation to water management is discussed com-
prehensively 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 Remson (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 originat-
ing in forested areas are smaller than those from denuded areas of
similar geology and topography. Major storm events, however, re-
lease 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 hydro-
logic tycle, and offers an inexhaustible source to meet future de-
mands in water-shart 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 Geo-
logical 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? 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 guality 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
liguid 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 guality 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 voleanic 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.? Even
such relatively dilute waters that are recognizable as containing some juvenile
water typicall_v’ 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.

3 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 gquantities 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

4igneous 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 tempera-
ture as it comes near the surface it still contains large guantities 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 con-
stitute 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 de-
velopment. 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”.is 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 conten-
tion 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.
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Scientific principles apply also to so-called rock fissure water, and 1t 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 con-
trolled more or less rigidly by law, a supply of new water not de-
pendent 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 2,400-
word 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 De-
partment of Water Resources, Sacramento, Calif., respectively. Salz-
man’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 re-
sources and problems.

GROUND WATER

Ground water is one of the earth’s most widely distributed re-
sources and, because of the physiological needs of man and the
animal and vegetable kingdoms, one of the most important. Some-
thing of its nature can be gained from the following three para-
graphs, which are adapted from a recent paper by the writer (Me-
Guinness, 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 0—63—3
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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 suffi-
cient to exceed the field capacity of the soil—that is, moves down-
ward 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 perme-
able 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 domes-
tic 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, 1s 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 re-
fined, this phase of ground-water’s usefulness will continue to be
important in primitive areas for decades to come. But as a prob-
lem, 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 en-
countered, 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 cir-
culation 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 gravita-
tional 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 mil-
lions 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 in-
filtration 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 reser-
voir” 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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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 intermit-
tently) 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 dnd 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 ap-
preciably 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 re-
charge and for perched conditions to develop later, when the water
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 be-
comes 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 repre-
sents 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 what-
ever 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 vari-
ous 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 impres-
sion 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 wher-
ever 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 perme-
ability ; 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 rela-
tively 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 avail-
able, 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, pl. 31). These coincided in
general with the 24 physiographic provinces shown on a map pre-
pared by a committee of the Association of American Geographers
of which N. M. Fenneman was chairman (idem, pl. 28), except for
some lumping and rearranging. In turn, Thomas (1952a, fig. 1) con-
solidated and rearranged Meinzer’s 21 provinces into 10 ground-
water 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 poten-
tialities 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 prin-
cipal 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 consider-
able water and transmits it for short distances, and locally more
permeable rock takes in water and carries it for some miles under-
ground.

The mountains are moist “islands” in a sea of desert and semi-
desert 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 Sacra-
mento 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 under-
lying 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 inter-
montane 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 mu-
nicipal 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 LaRocque, 1939, 1944). The glacial-
outwash 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 provid-
ing 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 moun-
tain 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 excel-
lent 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 permea-
ble 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 West-
ern States and says (p. 25) that 90 percent of them could conceiv-
ably be developed by the year 2000, adding 17 million acres to the
present total. The Bureau recognizes, however, that the full poten-
tial of irrigation in the West will never be reached because of such
factors as cost, competition by other uses of water, and legal limita-
tions 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 deple-
tion is the San Joaquin Valley, but numerous other ground-water



GROUND WATER 33

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,

pl. 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”—infil-
tration of water released from reservoirs into natural stream chan-
nels 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 (Robinson, 1958, p. 25).
The U.S. Bureau of Reclamation (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 low-
value 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.

8. COLUMBIA LAVA PLATEAU

The Columbia Lava Plateau is a large area formed principally
by extrusive voleanic 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 dis-
sected to considerably depth by—the Columbia River and its tribu-
taries, the most important of which is the Snake River.

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 (pl. 1), there being a sizable area where the
hard rocks are mainly voleanic 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 capac-
ity. 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, 1927a, p. 42-79).

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
zood 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 irriga-
tion 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 uncon-
solidated 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 inte-
grated development of water to take advantage of good surface-
reservoir 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 BASIN

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 Color-
ado 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 hori-
zontal 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 east-
ern 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
extinet 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
Platean. It is rather high, rather dry (a little drier than the Colum-
bia 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 aqui-
fers 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 0—63——4
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per year in most of it, and most of the aquifers are not highly pro-
ductive 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 Navajo 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 sev-
eral 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 Ulinta Basin at the foot of the
Ulinta 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.
Large-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 avail-
able 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 pre-
cipitation. 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.
5. HIGH PLAINS

The High Plains ground-water region (Lohman, 1953a) is ap-
proximately 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 al-
luvium was deposited on the eroded, gently undulating eastward-
sloping 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 north-
south. 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 i1s almost intact, forming a flat, imperceptibly eastward-
sloping 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 (pl. 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 Republican River
and its tributaries in southwestern Nebraska and northwestern Kan-
sas. 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 Rivers, 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 uncon-
solidated material available to serve as an aquifer and are excep-
tionally well situated to receive water from precipitation and trans-
mit 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 sub-
stantial 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, how-
ever, 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 Terti-
ary 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, how-
ever.

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 pre-
cipitation 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 trans-
‘piration, and discourage both surface runoff and ground-water re-
charge. 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 (pl. 1). There are some sand-
dune 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- 890-391). 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 outﬁow
indicates recharge in similar amounts.

The productiveness of wells in the High Plains region has encour-
aged 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
1987, 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 con-
sumptively used, as there is probably very little return flow to the
water table from the comparatively modest amounts applied—gen-
erally 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—equiva-
lent 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 sub-
stantial 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.



GROUND WATER 43

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, pub-
lication 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 prac-
tices 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; tight-
ening 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 pre-
cipitation (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 regu-
lations 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 onceé
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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 evapo-
transpiration. As pointed out previously, however, the larger streams
themselves have laid down alluvium along all or part of their chan-
nels, and this alluvium receives water from the streams that repre-
sents an addition to the ground-water supply of the region. Further-
more, 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 (pl. 1).

The Platte and the Arkansas are the largest two streams and
the ones along which interchange of ground and surface water has



GROUND WATER 45

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, and 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 unpromis-
ing picture.

6. UNGLACIATED 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 (pl. 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 (pl. 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 Rockies.

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 sedi-
mentary rocks of Paleozoic, Mesozoic, and early and middle Tertiary
age. The land surface 1s gently undulating in most of the region, but
the part near the Rockies is considerably dissected and is char-
acterized 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 sur-
rounding 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 Mis-
souri 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 Ungla-
ciated 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 com-
monly, 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 north-
ern Missouri, and parts of Kentucky and Tenmessee.

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 only
40 feet from that at San Antonio mentioned above has never yielded
much water.

Furthermore, a large yield may not indicate a large storage capac-
ity in the rock. Thomas (1952a, p. 47-48) points out that the lime-
stone 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 gen-
eralization 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 River in Kansas, Oklahoma, and Arkansas is rather
saline during a considerable part of the time, and hence not as use-
ful 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 River
in southeastern New Mexico, discharge of about 200 gpm of satu-
rated brine from salt springs has the effect of making a large quan-
tity 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 Roswell
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 mil-
lion) 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 Okla-
homa, Kansas, and Missouri, where the Roubidoux 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 fresh-
water 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 (pl. 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 occupa-
tion 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 north-
ern 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,
U.S. Geological Survey, 1960, p. 1827, believes that even the “Drift-
less” area was glaciated; however, except for glacial outwash from
adjacent areas, typical drift deposits are absent, and this fact justi-
fies 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 funda-
mentally 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 con-
sists 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 precipita-
tion 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 (pls. 1, 2).

The runoff in the Glaciated Central region éxceeds 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, north-
eastern 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. Wild-
cat 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, prevent-
ing sharp flood peaks, and then releases the water slowly to maintain
a larger base flow.
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F16URe 2.—Contrast in runoff pattern of drainage basins only 50 miles apart. Tippecanoe
River near Warsaw, Ind.,, and Wildcat Creek at Greentown, 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 com-
mon 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,
1957h, p. 561, 565). Expressed in terms of percentage of the precipi-
tation, 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 Wildeat Creek. The data could be taken to support, instead,
the opposite conclusion—that a good ground-water reservoir does
not necessarily increase the fofal 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 avail-
able 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 River near Warsaw in 194549 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 River near Warsaw in the 194549 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 regidn. 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 compre-
hensive 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 fine-
grained sandstone—that were not capable of furnishing large quan-
tities 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 west-
ern 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 sub-
stantial 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 indus-
trialization is heavy. Even in the less humid part, population and
industrialization are large in relation to readily available ground-
water 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, Ill., 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
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approaching the local capabilities of the aquifers; and additional
water, though available some distance away, is not necessarily avail-
able 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 opti-
mum 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 ad-
vantage 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 ex-
ample 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 else-
where, 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 water-
courses 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. Neverthe-
less, integrated developments taking advantage of the substantial
ground-water storage along the principal streams will help in reduc-
ing 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 increas-
ingly 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 High-
lands, 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
(pl. 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
in a sinking ocean basin, the Appalachian “geosyncline,” and com-
pressed 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 vege-
tated, but the water requirement for evapotranspiration, as approxi-
mated by the “precipitation retained” (pl. 8), 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 dolo-
mite 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 aver-
aged 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 impres-
sive 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 prevail-
ingly 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 crystal-
line 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 under-
lying 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 cou-
rageous 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. Geologi-
cal 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 exam-
ple is the young gorge of the Potomac River 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 scientifi-
cally as diabase and popularly as “trap rock.”

The tabular bodies represent three types of emplacement, 2 “intru-
sive” 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 repre-
sent lava flows which reached the land surface but were later covered
by sediments, so that they now resemble sills. The sills and scme
of the dikes represent intrusive rock that never reached the land
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surface; others of the dikes, however, represent the solidified con-
tents 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 ex-
tends 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 Appa-
lachian 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 ground-
water 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 re-
gion, 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 prov-
ince 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 in-
cluded within the region are generally of low to moderate produc-
tivity, 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 farmed 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 ex-
penditures. 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. 80) 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
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the fundamentals would pay off the most. Alluvium along water-
courses also is a potential source of large supplies in some areas.

Additional knowledge of the fundamentals of ground-water occur-
rence and movement in crystalline rocks also would be valuable in
improving the chances for obtaining successful wells in difficult areas,
such as the Blue Ridge 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 impor-
tant 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 unsuc-
cessful 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 ground-
water 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 sedi-
mentary 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 inter-
bedded 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 80 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 Adiron-
dacks 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” (pl. 3) is lower than it is in the unglaci-
ated 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 (Cush-
man 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 Pale-
ozoic age; and a strip in central New York State, underlain by lime-
stone 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 “strati-
fied drift.” These take two principal forms—outwash plains and
channel fillings. A third, minor type is “ice-contact” deposits, irreg-
ular 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 Sche-
nectady 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 quali-
fication 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 water-
courses 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 streamfiow. 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 addi-
tional 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 and 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, Andro-
scoggin, Connecticut, and Housatonic Rivers as potentially produc-
tive 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 espe-
cially 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—Ilast in posi-
tion 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 three-
fifths 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 seaward-
‘thickening wedge of generally unconsolidated but locally -consoli-
. dated 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-
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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 posi-
tion. 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 (pl. 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 geosyn-
cline 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 thick-
ness 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 penetrdted 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 precip-
itation 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” (pl. 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 north-
westward from Corpus Christi, 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 runofi—approximately the excess of total precipitation over
“precipitation retained”—rises with the precipitation. It increases
northeastward from 1 inch at Corpus Christi to about 15 inches at
the Texas-Louisiana line. Tt is 15 to 20 inches in most of the Missis-
sippi Embayment but rises above 30 inches in a coastal strip extend-
ing 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 north-
eastward 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 south-
ern 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 fiesh water to individual
wells. The only blank areas are a broad strip running northeastward
threigh Texas into Louisiana that is underlain by tight rocks of
carly 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



68 ROLE OF GROUND WATER IN NATIONAL WATER SITUATION

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 Vine-
yard, Nantucket Island, and Long Island; in central New Jersey;
and along the Ohio and Mississippi Rivers. 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 (pl. 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 lime-
stone 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 sea-
ward 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 eleva-
tions 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 com-
paratively 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. (R. W.
Sundstrom, U.S. Geol. Survey, written communication, 1960) ; 3,550
feet (3,495 feet below sea level) in eastern St. Tammany Parish, La.
(Rollo, 1960, p. 49) ; and 3,000 feet in Harris County, Tex. (Sund-
strom, 1957, p. 4). Although these are decidedly phenomenal depths,
fresh water is found at depths nearly as great in the areas surround-
ing 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 down-
ward 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 combi-
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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 (pl. 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). Reduction 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 irriga-
tion 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 south-
eastward 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 distribu-
tion 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 lime-
stone 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 Valley-
Rathdrum 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 (War-
ren, 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 trans-
missibility 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 avail-
able, they are so valuable as aquifers that men have found them-
selves 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 south-
eastern 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 canals
With suitable precautions against salt-water encroachment, new
supplies of many millions of gallons per day can be developed in
southeastern Florida.
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The Biscayne aquifer’s productivity exceeds that of any other
aquifer in Florida, but the rest of the State still has some excep-
tionally 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 encroach-
ment. One of these is the northern two-thirds of southeastern
Louisiana (Rollo, 1960, p. 50-51, pl. 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 Rouge 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 north-
eastern Louisiana (Rollo, 1960, p. 52-53, pl. 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 River—
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 dis-
tinction 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 OQak 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, 19582, 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 depend-
ing 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 aqui-
fers 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 seaward-
dipping, alternating permeable and impermeable strata produces
widespread artesian conditions. And, when artesian water is with-
drawn from a well, it comes not from the emptying of pore spaces
but from the compaction of the aquifers and, especially, the fine-
grained 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 sub-
sidence 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 sub-
side. 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 prob-
lem 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 thor-
oughly 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 ground-
water 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 dis-
charged, 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 evapotrans-
piration directly with an accuracy of 5 percent would be even more
remarkable. So far as we as water users are concerned, this under-
ground loss of water from the continent is something to be main-
tained in adequate volume as a safeguard against salt-water encroach-
ment, 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 pl. 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 consump-
tive, 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 re-
sources 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 con-
ceivably 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 multiple-
purpose 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 them-
selves. Nevertheless, the informational base for large-scale devel-
opment 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 docu-
ments, 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. 79-110) is adanted in part from
an analysis of the Committee’s report prepared by the writer for
publication in the Natural Resources Journal of New Mexico Uni-
versity’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 Sur-
vey, 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 fol-
lowing 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 (pl. 4), the total withdrawal, consump-
tive 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 wet-
lands 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 neces-
sary 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 dissolved-
oxygen 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

Existing sur-
Withdrawal | Consumptive | Average re- face-storage
‘Water-resource region in 1954 1 use in 1954 12 | maining run- | capacity for
(bgd) (bgd) oft (bgd) all purposes
(million acre-
{feat)
New England_ ________________ 6.3 0. 37 67.0 9.0
Delaware and Hudson__..______ 14. 8 63 32.0 3.1
Chesapeake Bay._______________ 7.2 29 52.0 .9
Southeast. . - _______________ 11. 2 1. 91 212. 0 16. 4
Eastern Great Lakes_ __________ 11. 2 40 340.0 .5
Western Great Lakes___________ 12. 9 59 3420 1.2
Ohio River__ . __________.____ 22.0 72 110.0 57
Cumberland___________________ .1 03 17.0 6. 4
Tennessee. .o o _.___ 3.6 13 43.0 15.0
Upper Mississippi__._...__...__ 85 56 62.0 43
Lower Mississippi. ... ___..___ 4.4 1. 40 49.0 45
Upper Missouri . _______________ 28.0 13. 97 19.0 74. 8
Lower Missouri._______________ 1.3 .13 23.0 1.2
Upper Arkansas—Red River__ __ 8 4 3. 96 11.0 7.3
Lower Arkansas—Red and White
Rivers__ .. ______ 3.8 38 77.0 26. 8
Western Gulf__._______________ 22. 8 10. 00 46.0 11. 2
Upper Rio Grande and Pecos..__ 89 5. 10 ) 3.3
Colorado_ . ____________ 26. 7 15. 70 2 35.1
Great Basin___________________ 12. 6 7.35 3.7 41
Pacific Northwest___.___________ 24. 8 12. 70 143.0 28. 9
Central Pacific_ ___ 50.0 27. 90 47.0 16. 4
South Pacific.__.___ 10. 8 419 36 1.8
Total United States ex-
cept Alaska and Ha-
wall_ .. ... 300. 3 109. 5 1, 100. 0 278. 0

! 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).

3 Consumptive uses or losses for agriculture, mining, manufacturing, steam-power cooling, and municipal
usaehunoﬁ from United States part only.

¢+ 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
20007 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.

TasLe 2.—Waler withdrawal, consumptive use, flow, and storage in the conterminous
United States, 1980

Consump- Flow Storage ca-
With- tive use | needed for Total |pacity required

Water-resource region drawal | and addi- [ pollution water in addition

(bgd) tlonal |abatement?| required to that of
losses ! (bgd) (bgd) 1954 (million

(bgd) acre-feet)
New England_______________ ~18.0 1.5 12,7 14. 2 3.4
Delaware and Hudson. _ _.__. 35. 8 2.1 1.7 13. 8 6.1
Chesapeake Bay_ .. _______. 20. 8 15 22. 5 24.0 11. 2
Southeast_ _ ... __________ 39. 2 19. 4 56. 0 75. 3 28. 0
Eastern Great Lakes...______ 32.5 1.8 140 15. 8 85
Western Great Lakes. ._..___ 38.0 4.3 319 36. 2 34.0
Ohio River_ . ... _.._._____ 67.2 2.2 17. 2 19. 4 10. 1
Cumberland. ... ___.________ .5 .2 7.5 7.7 3.3
Tennessee . - - oo 11. 7 .5 23. 9 24. 4 6. 4
Upper Mississippi_ - .c—_.._._ 22. 5 5.1 25.3 30. 4 140
Lower Mississippi--..--.--_- 8.7 9.5 12. 7 22. 2 15. 8
Upper Missouri. . .o_coo.__._. 33.9 20,2 4 4 33.6 $30.0
Lower Missouri. ._.._.__.-_... 2.6 .4 3.2 3.6 3.6
Upper Arkansas—Red River._. 12.1 53 2.6 7.9 8.0

Lower Arkansas—Red and
White Rivers..____________ 7.1 4.0 12. 9 16. 9 20. 0
Western Gulf_ ______________ 43.0 20. 5 20. 4 40.9 34.0
Upper Rio Grande and Pecos.. 10. 3 6.3 1.0 7.3 37.4
Colorado. - - . 27.6 17.1 2.2 19. 3 3145
Great Basin_ . _____________. 13.0 10. 9 1.2 12. 1 36.5
Pacific Northwest_ . _________ 35.0 13. 9 28. 9 42, 8 19. 2
Central Pacific_..__.__._.__._. 60. 2 30.7 13. 8 44. 5 31.0
South Pacific. . _ ... ___._._. 19. 4 40 6.3 10. 9 3.6
Total United States
except Alaska and :

Hawaij-. .- __.._. 559. 0 190.4 | 332.2 | 523 2 315. 6

1 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.

2 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

Consump- Flow Storage ca-
With- tive use | needed for Total |pacity required
‘Water-resource region drawal and addi- | pollution water in addition
(bgd) tional |abatement?| required to that of
losses t (bgd) (bgd) 1954 (million
(bgd) acre-feet)
New England__.._._________ 31.2 2.5 16. 9 19.4 6.1
Delaware and Hudson. __.___ 58. 7 3.1 16. 7 19. 8 12. 0
Chesapeake Bay__ _.__.___.__ 36.0 3.1 23. 8 26. 9 14. 5
Southeast. . .. ______ 73.2 32. 6 66. 8 99. 4 49.0
Eastern Great Lakes_..______ 58.3 2.9 26. 0 28 9 22. 8
Western Great Lakes. .. _____ 65. 4 7.9 51. 2 59.1 350.0
Ohio River. .- ______ 110. 7 49 29. 4 34. 3 20. 3
Cumberland. ... ______ 2.0 .4 12. 3 12. 7 7.8
Tennessee- .- - - _—____ 24. 3 1.1 28. 6 29.7 12.0
Upper Mississippi 40.9 11.0 21. 8 32.8 17.0
Lower Mississippi 16. 0 13. 5 22,6 36. 1 29.0
Upper Missouri__ . ... 47. 3 40. 1 1.0 51. 1 330.0
Lower Missouri. . __.__....__. 6. 4 1.8 5 3 71 6.7
Upper Arkansas—Red River.. 16. 6 7.1 46 11.7 113.0
Lower Arkansas—Red and
White Rivers.... ... ... 11. 5 6. 4 20.9 27.3 32.0
Western Gulf. . ....___... 79.0 28.7 14. 8 43. 5 3340
Upper Rio Grande and Pecos._ 10. 8 6.7 3.6 10. 3 37.4
Colorado. - - oo 30.0 17.1 45 217 3145
Great Basin. . ._______.______ 13.3 11. 8 1.7 13. 5 36.5
Pacific Northwest_ . _.______ 60. 5 16. 3 28. 0 44 3 20. 3
Central Pacific..._ .. ___ 69. 1 29.9 246 54.5 36.5
South Pacific. . .. ____.__._. 28. 5 4.3 11. 4 15. 7 .6
Total United States
except Alaska and
Hawaii.__._ RSP 888.4 | 253.1 446.5 | 699.6 442 2

1 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 wi:dlife.
2 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.

TABLE 4.—Summary for the conterminous United States, by uses

[Billion gallons per day]
1984 1980 2000
With- [Consump-| With- {Consump-l With- |Consump-
arawal | tiveuse | drawal | tiveuse | drawal | tive use
Municipal. ... _________.__ 16. 7 2.1 28. 6 3.7 42. 2 55
Agricultural . ________._______ 176.1 | 103.9 | 167.2 | 104.5 | 184.2 | 126. 3
Manufacturing . __..__.___. 31.9 2.8 | 101. 6 87| 229.2 20. 8
Steam-electric _____________ 74. 1 .4 | 2589 1.7 | 429.4 2.9
Mining - oo 1.5 .3 2.7 .6 3.4 .7
Subtotal ... ... | ______ 109.5 | o.-. 119.2 | ... 156. 2
Watershed improvement.__ ___|_______| o ____j._.____ 14,0 |cooa-o 17.0
Swamps and wetlands for
wildlife. _ . ||| 166, 7 |oeeeoa- 189.9
Total.___ . _.___..... 300.3 | ... 559.0 | 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 follow-
ing 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 tech-
nical 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 eﬁi¢1ency Alternatively, a part of the current irri-
ga,tlon use will bei converted to economically more productive uses,
as is already happenmg in the vicinities of some Southwestern c1t1es
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 surface-
water 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.

Billions
of gallons
per day
Withdrawal in 1960 (approx.) - 46.4
Assuming increase of one-third each decade:
1980 ____________ - 82
2000 ___________ 147
Assuming increase of one-half each decade:
1980 __ e 4____104
2000 —— _— -235
Assuming total w1thdrawals 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 e 230
2000 ____ P 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 inecreasing 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 indica-
tion of the difficulties to be expected. Water planners and water
developers will need all the help they can get—in the form of hydro-
logic information, new planning techniques, and public understand-
ing 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
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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 stream-
flow 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 water-
shed treatment and swamps and wetlands, are expected by the Com-
mittee 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 consump-
tive uses, there will be enough to meet the demands for individual
uses such as public supply, irrigation, and industry including fuel-
electric power. The projected amounts required for pollution abate-
ment 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 quanti-
ties of streamflow considerably in excess of those required for down-
stream 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-protec-
tion needs.

671316 0—83——T7
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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 con-
version 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 inter-
basin 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). Requirements
for various industrial uses are listed in several reports, including
Publication 8 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 qual-
ity, are most characteristic of the regions where overall supplies are
smallest and where full development must come earliest. The prob-
lems 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 impor-
tant single problem related to water resources.

MANMADE POLLUTION

Pollution of water from manmade sources may add to and compli-
cate 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 dis-
charged In an area of naturally good water quality, manmade pollu-
tion 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 irriga-
tion and those in the effluent from industrial plants (including radio-
active 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
nsable 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 70 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 receiv-
ing the wastes. The requirements for waste treatment are génerally
far in excess of the standards met today, and obviously they will
call for vastly increased expenditures for research in waste treat-
ment and for construction of treatment facilities.

VARTABILITY

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 1895-
1955 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 Lang-
bein, 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 700 bgd of “stream-
flow 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 per-
cent, 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 mhy 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 aver-
age precipitation. For example, the Neosho (Grand) River as
measured at Tola, Kans., where the annual precipitation is somewhat
greater than the national average of 30 inches, during a period of
record including 1895-1903 and 1917-57 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 ground-
water 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 dam-
age 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 Provi-
dence, work to develop the practices and techniques which will per-
mit 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 con-
tinue 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 com-
bination 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 break-
through” 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 emerg-
ing. “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 pre-
requisite 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 de-
salinization 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 num-
ber 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 finan-
cial 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 sum-
marized 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, dis-
tribution, 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 plan-
ning 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. Never-
The 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
1958 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 __ o o ______ 1144
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 develop-
ment 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 offi-
cials, 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 hydro-
meteorological 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 Tech-
niques 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 Randall, 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 evaporatmn 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 recrea-
tional and other purposes must be considered.

The U.S. Bureau of Reclamation (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 mvestlgated
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 Robinson (1958, p. 25; see also U.S. Department of
the Interior, 1960c; Robinson 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 dis-
charge is ‘greatest where the climate is warmest and driest and
where water is most in demand. Also, the worst of the plants, salt-
cedar, is still spreading. The water thus discharged may be termed
“consumptive waste” (Thomas, 1951, p. 217) as opposed to “con-
sumptive 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 lower-
ing 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 nonethe-
less effective—has occurred along the Gila River in the Gila Bend-
Dendora 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 YIELD

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 Depart-
ment 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, conver-
sion of such areas to grass might result in an average increase in
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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 precip-
itation 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 acre-
feet 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 phreato-
phyte 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 irri-
gated 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. 8) 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 irriga-
tion 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 ground-
water 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 gal-
lons per day and at the same time would result in improving the con-
dition 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 dis-
solved oxygen in the streams to do it. Research in the field of reducing
waste-dilution requirements should be greatly expanded and aggres-
sively 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 dis-
charge. 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 reclama-
tion 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. Recirculation and reuse
may offer economies that will offset the cost of the required recircu-
lation 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 heat-
exchange 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 Gov-
ernment 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 sup-
ply 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 Free-
port 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 dis-
tillation and freezing processes. (See also Tribus and others, 1960.)

In the absence of the breakthrough in energy-cost reduction men-
tioned 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 dis-
tribution 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 domes-
tic use. Under current and expected economic conditions, however,
it would not be 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 chemis-
try of water (for example, see Keansley, 1960), and no one can say
that it will not produce similar changes in the thinking on prac-
ticability and cost of saline-water conversion.

WEATHER MODIFICATION

Weather modification as a technique for 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. FExtensive experiments and
large-scale commercial endeavors have added much to existing knowl-
edge 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. 44-45).
In Committee Print 31, Ackerman and others (1960, p. 19-21) con-
clude 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 cheap-
est 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 nonmoun-
tainous areas.

If large-scale I;ammakmg in the Western States proves to be prac-
tical, but if 1ncreases in precipitation in one area prove to be offset
by decreases i 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 lgat a large part of their current average runoff flow
into those other States. If rainmaking in upwind areas proved to
reduce the precipitation s1gn1ﬁcantly, these States would be in a rhost
unfortunate position. Obviously, in situations such as this there
may be a need for Federal legislation to enable satisfactory adjust-
ment 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 fore-
casting, 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 opti-
mistic 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. 228-299).

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 (Leo-
pold, 1959). It is a method in which the precipitation or runoff in a
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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 newt 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 Iengthen and
ideas develop, this situation may change, and someday it may be pos-
sible 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 prob-
lems, 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 Robinson, 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. 9-138). 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 develop-
ment are of considerable interest to the AEC 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 6f 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, dis-
charged 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 withdraw-
ing it in time of shortage. The aquifers of the Nation have an enor-
mous 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 rela-
tively immune from evaporation losses, that it should be kept in mind
wherever provision of storage to achieve desired streamflow regula-
tion 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 Reeves, 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 develop-
ment 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 com-
modity; 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 ¢ncrease 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 proj-
ect. Better methods are needed for planning the design, construc-
tion, 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 program-
ming computations to avoid unnecessary effort is made evident by
the fact that comparison of all possible alternatives in allocating
water from & sources to y uses involves ¥ comparisons. If the num-
ber of sources and the number of different potential uses are sub-
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stantial, as they would be in large multiple-purpese 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 some-
thing else is needed to enable a foolproof check of the large remain-
ing 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 plan-
ning stage. Such studies, in addition to leading to improvements in
the planning of future projects, might lead to modification of exist-
ing 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 in-
vestment 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 atmos-
pheric physics, photosynthesis, and solar radiation, in relation to move-
ment 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 agri-
cultural and industrial uses of water.

There is a potential need for increased communication about and
coordination of water-related research in Federal and other govern-
mental agencies, universities, and private companies and institutions,
to avoid unnecessary duplication of effort. Duplication is not a seri-
ous 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 well-
qualified candidates, than that in such fields as electronics, aero-
nautics and astronautics, and nuclear energy. Unless universities
expand their training programs in hydrology and water agencies
needing researchers publicize and make more attractive the oppor-
tunities 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.

COLLECTION, ANALYSIS, AND INTERPRETATION OF BASIC DATA

Nearly all studies of needs related to water resources have con-
cluded 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 economi-
cal. 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 fluctu-
ations in water supply; soil erosion and movement and deposition
of sediment ; topographic, geologic, and soil mapping; effects of land-
management 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 sub-
stantially by land management, reservoirs, levees and channel im-
provements, and flood forecasting. (See U.S. Corps of Engineers,
1960; Tennessee Valley Authority, 1959.) So long as continued en-
croachment 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 encroach-
ment, 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 ma-
terials, 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 Fed-
eral 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 Federal-
State 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 relation-
ship 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 pro-
viding adequately for recreational interests, and for fish and wild-
life, in planning multipurpose water projects (U.S. National Park
Service, 1960; U.S. Fish and Wildlife Service, 1960). Broad author-
ity in the development of recreational facilities at flood-control reser-
voirs 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 bene-
fits 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 Reorgani-
zation 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 Commit-
tee 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 situ-
ation. In view of this possibility, and of the many conflicting inter-
ests 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, accom-
modate themselves to carrying out the improvements in procedures
suggested previously under the heading “Federal water-resources
activities.”

THE ROLE 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 hecame 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 deep-
well 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 informa-
~tion 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 11
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 ground-
water 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
assoclated 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 all 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 formid-
able 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* 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 “reconnais-
sance” 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, prefer-
ably 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 for 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 195658, 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 withdraw-
als. 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 move-
ment 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 coop-
erating 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
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Wenzel (1942) were developed largely as a result of needs that arose
in a study of ground water in the Platte River 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. Ferris, 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 coop-
erating 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 Ray 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 UNSATURATED 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 SATURATED 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.®

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 math-
ematical expressions of flow and to clarify the processes of diffu-
sion, dispersion, and adsorption. (See Skibitzke, 1960b. See also
Simpson, 1962.)

Effects of heterogeneity—model study of artificial sandstone to de-
termine whether the effects of heterogeneity (such as result from
depositional processes) can be measured and expressed in mean-
ingful quantitative terms.

6 The coefficient of transmissibility (7') is defined as the rate of fiow 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 coeflicient 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. Research 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 sys-
tems, a part of the complex problem of ascertaining the true na-
ture of the coeflicient 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 character-
istics that will enable more economical model studies of aquifer-
system response.

CHEMICAL GEOHYDROLOGY

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 an-
alyses 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 under-
standing 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, infiltra-
tion, 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, under-
stood 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 Robin-
ove, 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 in-
clude, among others, (1) natural replenishment and discharge; (2)
artificial recharge through wells, basins, and spreading grounds and
induced infiltration from streams; (8) artificial withdrawal from
wells and surface-water bodies; (4) effects of land-management
practices and of changes in hydrologic regimen such as those asso-
ciated with urban growth; and (5) variations in precipitation, run-
off, and evapotranspiration. )

Methods of determining and predicting the effects of withdrawal
and recharge based on tests of wells—the so-called aquifer-test meth-
ods—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 condi-
tions that are implicit in the aquifer-test formulas. When an at-

671316 0—63—9
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tempt is made to describe regional hydrology, the complications
introduced by variations in permeability and transmissibility, stor-
age 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 con-
ductance (by means of resistors). The storage coefficient is simu-
lated by electrical capacitance (by means of capacitors, or con-
densers). Recharge 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 simu-
lated 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. Varia-
tions 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 ca-
pacitance.

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 satis-
factory 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-man-
agement 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 prop-
erties 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 obtamed uncertainties are introduced by our inability to pre-
dict 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 diffi-
culties 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 reser-
voirs 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 ground-
water 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 eco-
nomically 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 legis-
lation mentioned in the individual State sections, and those men-
tioned 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 Rico and the Virgin Islands. Brief sections on
the District of Columbia, Guam, and Samoa are included also. Ex-
cept that the Virgin Islands are described along with Puerto Rico,
the sections are in alphabetical order.

Although the emphasis is on ground water, the sectld’ns 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
reporss 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 specifi-
cally, but all the ground-water reports cited are based to an im-
portant 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 Resources (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 com-
ments 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 descrip-
tion 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, sepa-
rate or consolidated, of ground-water resources, development, and
problems. Finally there is a discussion headed “Problems, Pros-
pects, 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 “Refer-
ences 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 “Refer-
ences cited.” Reports having 1 or 2 principal authors are cited in
text as “Smith (1960)” or “Smith and Jones (1960).” Those hav-
ing three or more principal authors are cited in text as “Smith and
others (1960),” 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 infor-
mation 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 Sep-
tember 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.
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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 sum-
mary 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 surface-
water source) but is “lost” before it reaches the irrigated fields.
Some of the water evaporates from canals or is transpired by vege-
tation 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 11960) do in-
clude 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 synony-
mous 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 compari-
son 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'late 1960. Most situations as de-
scribed 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 grow-
ing. 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 Tombighee River and
Georgia in Coosa River ; Chattahoochee River forms southern part of Alabama-
Georgia 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 hydro-
logic 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 north-
eastern two-fifths is Jargely 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 Pied-
mont 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 In-
terior 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, pl. 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 Tennes-
see. 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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1928-31 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 Alabama-
Georgia 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. (1928-
57), 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 Appa-
lachian 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-, southwestward-, and south-
ward-dipping Coastal Plain strata of clay, silt, sand, gravel, marl,
and limestone form a wedge which overlies the Paleozoic and Pre-
cambrian 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. Mac-
Kichan 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 coop-
eration with the Geological Survey of Alabama. An early report
by Eugene Allen 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 Johns-
ton (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 (pl. 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 typi-
cal 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 hun-
dred 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 Toul-
min, 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 (Robin-
son 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 esti-
mated 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 indus-
trial 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 indus-
trial 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 Tombig-
bee-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 Robinson and others (1953) and by Simp-
son (1955, 1959) have pointed the way to solution of some of the
problems.

The cavernous carbonate rocks of the Paleozoic area locally fur-
nish 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 ground-
water 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 devel-
opment will expand greatly with the completion of dams in the
- Chattahoochee, Tombigbee-Black Warrior, and Alabama-Coosa
River basins and of the proposed Tombighee-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 in-
dustrial 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 Rivers. 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 infiltra-
tion 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 con-
sideration of the problems, as indicated by passage in 1949 and
strengthening in 1953 of the laws under which the Water Improve-
ment Commission functions in relation to pollution problems, and
by the establishment in 1959 of the Water Resources Study Com-
mission 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 investiga-
tions of the Geological Survey of Alabama and the U.S. Geo-
logical 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.

ALASKA

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 Moun-
tain system. On the south is a group of ranges of the Pacific
Mountain system (Brooks, 1906, p. 16-17, pl. 2), forming a great
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arc beginning with the Coast Range 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, pl. 1). The great mountains
have cores of intrusive and metamorphic (“crystalline”) rocks, gen-
erally 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 Meso-
zoic 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 dur-
ing the Pleistocene Epoch. Living glaciers dot the Coast Range
and the Alaska and subsidiary ranges in the middle of the southern
mountain are. Outwash deposits derived from glaciers, plus undiffer-
entiated 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 de-
posits, 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 evapo-
transpiration 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 develop-
ment 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.
Runoff is high, though information on it is available for only scat-
tered areas here and elsewhere in Alaska. The precipitation is meas-
ured 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 that 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. Runoff 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. Runoff 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 Range 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 Bar-
row, 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.

GR OUND-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 south-
eastern coastal area.

The older rocks are much less permeable, although they are
capable of small yields in most places, and some of them—especi-
ally 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. 34). 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 “dis-
continuous” permafrost—an area mostly of permafrost but contain-
ing substantial unfrozen areas. Finally in the northern Brooks
Range and Arctic Slope is an area of “continuous” permafrost, con-
taining 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 nonperma-
frost 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
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water”), or below the permafrost (“subpermafrost water”) (Ceder-
strom 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 River and
other large streams and near lakes and hot springs is locally un-
frozen 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. Appar-
ently the outwash deposits, especially those beneath extensive “flats”
such as those along the Tanana River in its lower course (Ceder-
strom, 1952, p. 26), contain much organic matter which on decom-
posing promotes the solution of iron minerals, as well as contribu-
ting 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 DEVELOPMENT

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 populatlon 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 pam-
phlet 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 10,000 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, how-
ever, 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 agri-
culture 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.

y PROBLEMS

The principal problem related to water in Alaska is that of avail-
ability 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 west-
ern and northern Alaska and scarcity of ground water in southeast-
ern Alaska. Permafrost may make ground water totally unavail-
able, as in nearly all the Arctic Slope; or available only with diffi-
culty 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. 28-25), 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 com-
monly 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 vary-
ing 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
1s 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 diffi-
cult 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. R

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 vari-
able 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 resi-
dential 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 explora-
tion and development, effective low-cost methods of drilling are
important. Cederstrom and Tibbitts (1961) have helped to develop
one such method.

Drainage and 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 hydrologic information, which in relation to total needs is
more serious in Alaska than in any other State. Informal and now
formal cooperation with the Alaska Department of Health is pegin-
ning 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 foresee-
able future. For some time to come, however, developing and con-
trolling 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 sup-
plies 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 retard Alaskan
water development for some time to come. The greatest informational
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needs are for ground-water reconnaissances and stream-gaging pro-
grams 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 differ-
ent 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 spac-
ing 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 approxi-
mately 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 experi-
mental status) including artificial recharge of floodfiows 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 south-
west 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. ﬁardlson 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 (414 million acre-feet per year) indicated by the
runoff contours (D. D. Lewis, U.S. Geol. Survey, written communi-
cation, 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 condi-
tions (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 Cushing, 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 aqui-
fers of generally low to moderate productivity and generally low
replenishment. The south edge of the province (the Mogollon Rim)
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. Geologi-
cal Survey. Large areas that were described include the Navajo
country (Gregory, 1916), the lower Gila region (Ross, 1923), and
the Papago country (Bryan, 1925). Smaller areas, mostly individ-
ual 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 wdter 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 descrip-
tions are in alphabetical order by counties. The San Pedro Basin
in Cochise, Pinal, 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. €. Halpenny
and others (1952) on the Gila River 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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deve!opment in the State 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 Sand-
stone of Permian age, one of the most productive of the sandstone
aquifers beneath the Colorado Plateaus, and locally from other aqui-

- fers. The principal area of withdrawal of ground water for irriga-
tion 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 ade-
quate to sustain additional development, especially in the southern
part of the area it underlies. Much more information is needed, how-
ever, on the variations in permeability and productivity of the sand-
stone, 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 in-
adequate.

Subsurface 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 avail-
able, 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 Luka-
chukai area (Brown and Halpenny, 1949), the Fort Defiance area
(Halpenny and Brown, 1949), the Buell Park-Sawmill area (Whit-
comb and Halpenny, 1950), the Keams Canyon area (Repenning
and Halpenny, 1951), the Chuska Mountains area (Harshbarger and
Repenning, 1954), the Segi Mesas area (Cooley and Hardt, 1961),
the Red 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; De-
Cook, K. J., in Halpenny and others, 1952, p. 59-67; White, pub-
lication 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 with-
drawal 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 gen-
eralized 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 (McGuin-
ness, 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.”
Tnereased withdrawal by pumping has reduced underground leak-
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age and the waste of water from uncontrolled flowing wells. How-
ever, 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.

WILLCOX BASIN

The Willcox Basin (Coates, D. R., in Halpenny and others, 1952,
p. 177-185) is the northern part of the Sulphur Spring Valley (Mein-
zer 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 prin-
cipal problem then was waste of some tens of thousands of acre-
feet 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 geo-
hydrology 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 develop-
ment 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 80,000 acre-feet, and it’ ranged



144 ROLE OF GROUND WATER IN NATIONAL WATER SITUATION

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 develop-
ment 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 under-
flow into Mexico need to be evaluated accurately as a basis for
whatever international agreement may eventually be needed for divi-
sion of the water between the two nations.

SAN PEDRO BASIN
Cochise, Pinal, 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 Cochise County, has only a small amount of arable land
and is relatively undeveloped. The lower basin is more heavily de-
veloped, 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 Irriga-
tion 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 Flag-
staff 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 the 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 Colo-
rado 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 avallable 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



146 ROLE OF GROUND WATER IN NATIONAL WATER SITUATION

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.

GILA 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 ground-
water storage are in the Tonto Creek area and the San Carlos
River-Ranch 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 River, is locally saline. Some water is wasted by low-value
phreatophytes, also along the Gila River, and the possibility of
salvaging a part of the water should be investigated.

Information is scarce, and needed, on the presence and hydr ology
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 possi-
bility of increasing runoff by vegetation management in the north-
eastern 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

SAFFORD 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 deter-
mined 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 require-
ment 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 supple-
ment the supply from the shallow aquifer.

- The extent to which the deep artesian aquifers can stand addi-
tional development is not known. The water of the deep aquifers
discharges into the shallow alluvium and the Gila River, so it
cannot be considered a completely independent supply. The conse-
quences of possible overdevelopment of the artesian aquifers should
be evaluated in terms of future needs. Before any such determi-
nation can be made, much more has to be learned about the loca-
tion, 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 salt-
water-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 River. 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 doubt-
less has salvaged a part of the waste, however.

Possibilities of salvaging water used by phreatophytes were eval-
uated 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 deter-
mine whether salvage of any of this water is economically” feasible.

CACTUS FLAT-ARTESIA 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 esti-
mated 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.



148 ROLE OF GROUND WATER IN NATIONAL WATER SITUATION

ARAVAIPA CREEK AREA

A small alluvial basin lies along Aravaipa Creek near the west
line of Graham County. Some ground water is pumped for irriga-
tion. 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 devel-
opmerit of water for other uses.

LOWER BONITA CREEK AREA

The lower Bonita Creek area (Heindl, 1960b; Heindl and McCul-
lough, 1961) is in eastern Graham County, across the Gila Moun-
tains from the Safford Valley. An infiltration gallery in the Quater-
nary 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 ca-
pable 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 ground-
water 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 facilitat-
ing 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).

MARICOPA COUNTY
SALT RIVER VALLEY

The Salt River Valley (Meinzer and Ellis, 1916; Bluhm and Wol-
cott, 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 stabil-
ized 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 ground-
water 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 sup-
ply. 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 Flor-
ence (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

671316 0—63——11



150 ROLE OF GROUND WATER IN NATIONAL WATER SITUATION

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 combina-
tions of withdrdwal 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 else-
" where 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 situa-
tions 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 develop-
ment of substitute water supplies or transition to an economy requir-
ing less water.

GILA 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 importa-
tion 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 phreato-
phytes’ 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 any-
where 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 ABEA

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 develop-
ment 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 moder-
ately 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 man-
agement is good if sufficient data can be gathered in time.

HARQUAHALA 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 irriga-
tion 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.

MOHAVE COUNTY

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 develop-
ments 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 dis-
charges 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 contribu-
tion 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.

NAVAJO 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 deterio-
rating 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 of 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 Reserva-
tions 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.

PIMA 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 upper Santa 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 Pinal County. The Altar Valley, just south of and hydro-
logically continuous with the Avra Valley, is relatively undeveloped
‘and, though water levels are deep, probably can stand additional
development.
AVRA AND ALTAR VALLEYS

Ground-water development began in the north, in the Avra-
Marana 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 Pinal County. During
the 1950’s the area of water-level decline spread southward. Water-
level 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 will 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 avail-
able 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.

UPPER SANTA CRUZ BASIN

The upper Santa Cruz Basin begins in Mexico and extends gen-
erally 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 Pinal 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 Moun-
tains 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 Tugson seems likely. Some of the development may be
at the expense if irrigation use, as irrigated land is purchased and
put to other uses. 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 River in Cochise County as future sources of water
supply. A wel]1 drilled recently in southeastern Tucson penetrated
water-bearing material as deep as 2,000 to 2,500 feet below the sur-
face, and considerable deep dnllmg is hkely in the futurd. , The
relation of degp 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 possi-
bilities of artificial recharge of surface runoff (Rillito Creek Hydro-
logic 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 AREAS

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 comprehen-
sive report on geology and ground water is in preparation. A recon-
naissance 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 south-
ward-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 north-
northwestward 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.

PINAL COUNTY

LOWER SANTA CRUZ BASIN

The lower Santa Cruz Basin (Cushman, R. L., in Halpenny and
others, 1952, p. 115-135; Kister and Hardt, 1961), including the
adjaoent part of the Gila River basin, is the second largest irrigated
area in Arizona—about 290,000 acres. On the north it adjoins the
Salt River Valley, the northwest corner of Pinal 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 esti-
mated 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 north-
eastern part of the basin, where some surface water is available for
irrigation, and greatest near the foothills in the western part. Pump-
ing 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 River Valley, Maricopa County.) If enough information
were available, an electric analog model of the basin could be con-
structed 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 River,
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 Reservation 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 Cushing, 1942). Page
(publication pending) discusses the water regimen of the inner valley
of the San Pedro River 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 southeast-
ward across the county from Pima County on the north to the head-
waters 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 general 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 pos-
sibility of achieving a balanced long-term development.

YAVAPAI COUNTY

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 irri-
gation 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 ob-
tain 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 Yava-
pai 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, how-
ever, both to avoid fruitless drilling and to evaluate the effects of
larger withdrawals on the hydrologic system of the valley.

CHINO, BKULL, 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 infor-
mation 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.

OTHFR AREAS

The upper end of the McMullen 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 Val-
ley extend northwestward to and beyond the Coconino County line
in the vicinity of Seligman. This area seems capable of some ad-
ditional 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.

YUMA COUNTY

Most of Yuma County is described in a reconnaissance report on
the lower Gila region by Ross (1923). ]

PALOMAS PLAIN

The Palomas Plain (Feth, J. H., and others, in- Halpenny and
others, 1952, p. 201-202; Armstrong and Yost, 1958) includes the
Dateland 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 Kofa Moun-
tains. The Little Horn Mountains, Clanton H1lls, and Gila Bend
Mountains bound the area on the north, and a southern projection
of the Gila Bend Mountains and the Painted Rock Mountains bound
it on the east. It extends for a considerable distance on either side
of the Gila River. Development in the area is moderate, pumping
is fairly well distributed, and water-level declines have been moder-
ate. 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 ygarly pumpage was about 40,000 acre-feet. The depth
to .water was 20 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 with-

drawal.
WELLTON-MOHAWK AREA

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 hydrol-
ogy, 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 YUMA 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 RANEGRAS 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 Harqua-
hala 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 low-
land, interrupted by low mountains, which extends southeastward,
parallel to the Harquahala Plains of Maricopa County, to the Palo-
mas 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 mod-
erate 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 develop-
ment 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 tlie 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 enter-
ing 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 have moderate to
large ground-water storage but low rates of replenishment. Also,
the water is mineralized in parts of the areas.

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 perco-
lating unless shown to constitute a “definite underground stream”
(McGuinness, 1951b, p. 18).

The Groundwater 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 Depart-
ment, 1961) provided for the designation of “ground-water basins”
and “critical groundwater areas”; a permit is required for construc-
tion of irrigation wells in critical areas. Under this code were desig-
nated the following critical areas: Eloy arvea in the lower Santa
Cruz Basin in Pinal County (Apr. 4, 1949); the Queen Creek-
Supersitition area in the southeastern part of the Salt River Valley
in Maricopa and Pinal Counties (Jan. 16, 1951); the Gila-Santa
Cruz area in Pinal County, joining the Eloy and Queen Creek-
Superstition areas on the east and extending to the Maricopa County
line on the west (June 19, 1951); and the Salt River Valley area
extending westward from the north end of the Queen Creek-Super-
stition area (Sept. 1, 1951). Together these areas take in the areas
of heaviest pumping and greatest declines of water levels in south-
central 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 com-
pleted 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 River Valley and Gila-Santa Cruz areas and to take in sub-

.stantial 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 cultiva-
tion 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 phys-
ical and economic—increasing pumping lifts, decreasing yields of
wells, and deterioration of water quality—rather than legal.

PROSPECTS AND NEEDS

Arizona’s water problem is grave. The beautiful scenery, fine cli-
mate, 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. Unques-
tionably, 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 readlly 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 2% 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 ground-
water overdraft of abaut 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 precipita-
tion 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 evapo-
rates 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 evapo-
transpiration.

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 sup-
plies 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
Migsissippi 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
Aluvial 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 southeastward-
dipping 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 Crowleys
Ridge. The ridge is an erosion remnant of Tertiary rocks protrud-
ing 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-southeastward-
thickening 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 ten-
dency is for the precipitation to increase southward and southeast-
ward 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 1987-57, 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 southeast-
. ward, 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. 10~
11). 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. (1928—
57).

Thus in its own runoﬂ' 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 0—63——12
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GROUND-WATER RESOURCES

Geohydrologically, as well as physiographically, the State is di-
vided 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 sand-
stone. 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 ad-
Jjacent mountains but which itself has considerable relief. It is
underlain by strata of shale, siltstone, and sandstone which are gen-
erally flat lying, are gently folded near the Boston Mountains, and
are more highly folded near the Ouachita Mountains. Topographi-
cally 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 sec-
tion 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 pro-
ductive 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 High-
lands in the State is the alluvium along the Arkansas River—a
“watercourse” (Lohman and Burtis, 1953b). Not many large-
capacity wells have been drilled in the alluvium to date, but yields
are reported to range from 800 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 High-
lands (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, how-
ever, the river water is of poor quality, and this factor must be con-
sidered 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 southeastward-
dipping (and -thickening) strata of unconsolidated to slightly com-
pacted 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 indus-
tries. 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 con-
siderable depth to as much as 2,000 gpm. The Sparta Sand and
sand of the Cockfield Formation, both of Eocehe 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 quan-
tities of water for municipal use (Ryling, 1962). To the south
the “1,400-foot” sand is not recognized as a separate unit, the sedi-
ments of the Wilcox consisting of alternating, relatively thin strata
of sand and clay; the water in these strata is too salty to be satis-
factory 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 mod-
erately 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 irri-
gation 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 Total
Public supply_ - 48 51 99
Public-utility fuel-electric power___________. 7 270 277
Self-supplied industry (excluding power pro-

duction) .. - ___ 140 43 183

Irrigation: g
RiCe. - oo lo_ 530 100 630
Other erops--— - - .- 240 50 290
Rural domestic and stoek__._______________ 33 18 51
Totals (rounded) - .- ______________ 1, 000 530 1, 530

In addition to the quantities listed for irrigation was a conveyance
loss of about 78 mgd, mainly surface water, lost by evapotranspi-
ration or seepage between points of diversion and points of applica-
tion 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:

Year Use
1946 —--— 550
1950 8004
1952 e 900
1954 ________ R O 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 sub-
stantial 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 indus-
trial 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 Springfield-
Salem plateaus of the Ozark Plateaus and the Whlte, 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 PRAIRIE 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 inter-
ference 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 alka-
linity). It bas been observed in the Grand Praifie region that irri-
gation 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, publi-
cation 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 indus-
trial 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 pumplng, 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 Begn{et by using water from Tertiary or Cretaceous
sands rather than the Quaternary. Ground water is locally high in
iron throughout the State, the problems of hardness and iron content
generally going hapd in hand. The largest area of hard, irony water
is the Mlss1smpp1 ;Alluvml Plain, especially the western two-thirds
of it.

Limited thlckness of strata containing fresh water of good q y
is a problem in, the northwestern part of the West Gulf Codstal
Plain. Tt 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 sa,hne !

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 con-
taminated from surface sources and wells must be constructed prop-
erly 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 Ounachita 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 con-
taminated 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 hydrologic
information and are protected sensibly from depletion and contami-
nation, 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. Geolog-
ical 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) ; Missis-
sippi County (Ryling, 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, Tenn., 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 High-
lands—Springfield-Salem plateaus, Arkansas Valley, and Boston and
Ouachita Mountains. A reconnaissance study of ground-water tem-
perature 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 Terti-
ary 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 Com-
mission, 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 munic-
ipal 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 satisfles 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—47) within State plus claimed rights of 5,862,000 acre-
feet in Colorado River. Runoff variable; ranged from 183 million acre-feet
in 192324 to 135 million in 1987-38, 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 1955 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 8.01 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 (fioods) 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 fiowing 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 genera-
tion, 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 Physmgraphlcally and geologically the State is dominated
by the major mountains—the Klamath Mountains, Coast Ranges,
Qascade Range, and Sierra Nevada—and the great Central Valley,
and by the various mountain ranges and desert basins of southern
and eastern California. The SIgnlﬁcant aquifers are those in the
valley fill, but there are some productive lava rocks in the northern-
most 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 tham 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 preparéd, 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 bulleting of the Department of Water Resources
or its predecessor the Division of Water Resources, or by the Cali-
fornia 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 Sacra-
mento, 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 draihage basins. These are
listed below, the last two being combined.

Percent of
Percent of Percent of ultimate water

Area - total area runoff requirement
North Coast_ - ___________________________ 12. 4 40. 8 4.6
Central Valley_ __________________________ 37.8 47. 5 52. 7
San Francisco Bay________________________ 2.6 1.8 6.9
Central Coast. ... _ ... . ______________ 7.2 3.4 5 4
South Coast_ . ___ . ________________.____ 6.9 1.7 12. 2
Lahontan and Colorado Deserts_ ___________ 33.1 4.8 18. 2
Total ... - 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 require-
ments 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 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>