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PRELIMINARY SURVEY OF THE SALINE-WATER
RESOURCES OF THE UNITED STATES

By R. A. KRIEGER, J. L. HarcrETT, and J. L. PooLs

ABSTRACT

Basic hydrologic data available in the field offices of the U. 8. Geological Survey
and reports issued by the Survey furnish evidence that saline water (defined in
this report as water containing more than 1,000 parts per million of dissolved
solids) is available under diverse geologic and hydrologic conditions throughout
the United States.

The number of areas in which undeveloped supplies of fresh water are available
has diminished considerably with the rapid growth of industries and population
in the past decade. Many areas previously considered to have relatively unlimited
water resources have reached the point at which water-supply shortages exist or
are threatened.

In the East, saline surface water occurs chiefly in tidal streams, estuaries, and
bays. There the concentration of dissolved salts at any given place depends on
the discharge of the river and on the tide. In the Connecticut River at Saybrook,
Conn., chloride concentrations have been found as high as 14,330 ppm (parts per
million) and in the Hudson River at West Point as high as 2,000 ppm. Sea-water
intrusion occurs in the Delaware River upstream to Eddystone, Pa. Chesapeake
Bay and parts of tributary streams contain a vast amount of saline water inland
for a great distance.

In the Ohio River and St. Lawrence River basins, saline surface water occurs
in few places, generally as the result of pollution by industrial and mine wastes.
The Tuscarawas River in Ohio has a hardness which at times has exceeded 10,000
ppm, and the Grand River at Painesville, Ohio at times has contained more than
18,000 ppm of dissolved solids. In the Hudson Bay drainage basin in North
Dakota, in East Stump Lake in the Devils Lake chain, dissolved solids of the
sodium sulfate type have been as high as 106,000 ppm. The Sheyenne River
has been saline at low flows.

In the semiarid section of the Missouri River basin, many of the rivers and
streams are saline at low flows. The salinity commonly increases downstream
owing to pickup of natural salt and to return flows from irrigated land, Typical
examples of streams where such increases occur are the Powder and Bighorn
Rivers in Wyoming. Several saline lakes occur in eastern Montana and in the
Nebraska sandhills, Some lake waters are of the sodium, potassium bicarbonate
type. Saline surface waters, principally of the sodium chloride type, occur in
Kansas in a central north-south belt as a result of solution of salt from Cretaceous
and Permian rocks and of the discharge of waste brines from oilfields. The
principal saline streams are the Saline, Smoky Hill, and Solomon Rivers.

Salt-bearing rocks, drainage from salt marshes, brines from oilfields, and other
-pollution are sources of salinity in the Arkansas, Cimarron, Canadian, Verdigris,
-and Neosho Rivers of the Arkansas River basin. The salinity is variable, ranging
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2 PRELIMINARY SURVEY, SALINE-WATER RESOURCES OF THE U. 8.

for example, from less than 1,000 to more than 15,000 ppm of dissolved solids in
the North Canadian River at Oklahoma City. In western and northwestern
Texas, the streams generally are saline during at least part of the year, but im-
poundment moderates the salinity to acceptable levels. Along the gulf coast of
Texas and Louisiana, salt-water intrusion into the streams occurs, especially
during low flow and where large quantities of fresh water are pumped from the
river for ricefields and industrial plants. The Brazos, Colorado, and Pecos Rivers
of Texas are sometimes saline. The salinity of the Pecos River increases from
Roswell, N. Mex., south to the Red Bluff reservoir in Texas, owing to inflow from
springs and irrigation return flow. The principal saline springs are in the Malaga
Bend area above the Red Bluff reservoir, where brine, flowing about 0.5 cubic
foot per second, enters the river carrying dissolved solids of concentrations as
high as 270,000 ppm or about 8 times that of sea water. The nearly saturated
solution, mainly of sodium chloride, adversely affects the quality of the river
water to the extent that in the area downstream it can be used for irrigation
only by excess irrigation of exceptionally well-drained soils. Dissolved material
in the water from the Brazos River consists largely of calcium, sodium, sulfate,
and chloride.

Waters of the upper Colorado River basin emerge from canyons dilute but
pick up salt in the valleys, especially in late summer when return flows from
irrigation are large. Samples of the San Juan River were of the calcium sulfate
type, but samples from the Price, Gunnison, and Dolores Rivers and tributaries
of the Green River were of the sodium chloride type, at times of moderate salinity.
In the lower Colorado River basin, the Little Colorado River contains as much
as 4,000 ppm of dissolved solids, and the Virgin River carries highly mineralized
water from mineral springs below La Verkin, Utah. Low flows of the Gila River
at Gillespie Dam in the lower basin carry more than 6,000 ppm of dissolved solids.
In the Great Basin, Pyramid and Soda Lakes contained nearly 8,000 ppm of
dissolved solids. Samples of the Salton Sea, in 1951, had 38,000 ppm of dissolved
solids. The Alamo River in California and the Sevier River in Utah at times, have
as much as 1,500 ppm and 3,000 ppm, respectively, of dissolved solids, principally
from irrigation return flow.

Although data are meager, very little saline water has been found in the
Columbia River basin and the rivers draining the western slopes of the Coast
and Cascade Ranges.

The Atlantic and Gulf Coastal Plain region has the greatest reserve of fresh
ground water in the entire country, but many areas of serious overdevelopment
exist locally within the region. In general, slightly to moderately saline ground
water is available in large quantities from the Cretaceous, Tertiary, and Quaternary
formations in many parts of the region. A narrow belt along the coast from New
England to Texas, almost the entire States of Louisiana and Florida, and large
parts of Alabama, Mississippi, Arkansas, and Texas have, in addition to large
supplies of fresh ground water, tremendous quantities of saline water at moderate
depths.

In the East-Central region of Paleozoic and other old rocks the principal
sources of fresh water are the glacial sand and gravel blanketing the northern
part of the region as far south as the Ohio River, and the Paleozoic sandstone
and limestone where they occur at shallow to moderate depths. The unglaciated
part and, to some extent, the glaciated part of the region are areas of barely
adequate ground-water supply, especially in some industrial localities where
there has been overdevelopment of existing supplies. Except in the New England
States, the Blue Ridge and Piedmont provinces, and parts of Minnesota and
Wisconsin, which are underlain by erystalline rocks, moderate to large quantities
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of saline water are available from sedimentary rocks of Paleozoic age at moderate
to great depths. In some localities saline water occurs in the overlying glacial
drift. In the absence of more suitable supplies, many towns and villages in parts
of the Mississippi Valley lowland presently are using slightly saline ground water.

The Great Plains region is one in which fresh ground-water supplies are generally
deficient, except in some areas underlain by Tertiary and Quaternary sand and
gravel. The most extensive aquifers are the Dakota sandstone, which yields
water that generally is highly mineralized, and the Ogallala formation of the
southern half of the region, which yields large quantities of hard water which
locally is slightly saline, In this area the Ogallala is underlain by Permian, Cre-
taceous, and Tertiary formations which contain saline water at moderate depths.
In the Roswell artesian basin of southeastern New Mexico, Permian limestone is
the source of large quantities of water, most of which may be classed as slightly
to moderately saline.

In the Western Mountain region, which occupies the western third of the
United States, the principal sources of fresh ground water are the Tertiary and
Quaternary lava flows of the Columbia Plateaus, the valley-fill deposits of the
Basin and Range and Pacific Mountain provinces, and the glacial deposits of the
Pacific Northwest. The southern half of the region is an area of perennial water
shortage in which the problem is aggravated by recent increases in ground-water
pumping for municipal and irrigation purposes. In many of these areas, the
surface water is fiilly appropriated, and the fresh ground water is fully developed
or overdeveloped; large volumes of slightly and moderately saline ground water
have long been used in some localities. Wells tapping the Tertiary and Quater-
nary valley fill in these areas yield as much as 2,000 gallons per minute of water
ranging from fresh to very saline. The valley fill of many of the closed basins
of Utah, Nevada, California, and Arizona yields varying quantities of saline
water. In a typical closed basin, however, highly mineralized water usually is
limited to the central, or playa, area where the sediments are of low permeability.
Ground-water supplies of the Colorado Plateau generally are deficient in quantity
and low in chemical quality; however, moderate amounts of fresh to moderately
saline water are produced from several aquifers of low permeability which underlie
much of the region.

INTRODUCTION
PURPOSE AND SCOPE

The inventory of saline waters that follows is a contribution to the
Interior Department’s Saline Water Conversion Program; the ob-
jective is to develop economically feasible processes for converting
saline water to fresh water. The inventory is an essential phase of
the program of study to evaluate the Nation’s saline-water resources.
The report describes the availability of sources of saline water which
will be important if the research being carried on under the sponsor-
ship of the Department results in the development of economical
methods of saline-water conversion.

The study is being directed toward the preparation of a generalized
reconnaissance report on the occurrence and distribution of saline
water in the United States, and the preparation of more detailed
reconnaissance reports on the occurrence and distribution of saline
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waters in several representative States, beginning with Texas (Winslow
and Kister, 1956). .

This report provides preliminary information for different sections
of the country regarding principal water-bearing formations in which
saline waters are known to occur, approximate depth from the land
surface to saline aquifers, yield of wells and representative chemical
analyses, records or estimates of flow, and maximum and minimum
concentrations of saline surface waters, and the approximate volume
and chemical quality of saline lakes.

The increasing interest in saline-water resources stems from research
activities which have led to development of processes for the demineral-
ization of saline water wherein the energy cost is proportional to the
mineral content of the water. Thus, greater interest is being shown
in demineralization of ‘“marginal” saline waters than of sea water
and even more highly concentrated brines. Because the quantity of
“marginal”’ ground and surface waters in the Nation is very large,
they are a potential resource that eventually may be economically
demineralized for agricultural, industrial, domestic, and other uses.

DEFINITION OF SALINE WATER

The term “saline water’” is used in this report to designate water
that is generally considered unsuitable for human consumption or for
irrigation because of its high content of dissolved solids or because of
the presence of certain constituents in quantities exceeding those set
by the U. S. Public Health Service (1946) for drinking water.

The Public Health Service has established the following limits for
certain chemical constituents commonly found in drinking water used
on interstate carriers. The standards have been widely adopted for
public supplies in general. They are as follows: iron and manganese
together, 0.3 ppm; magnesium, 125 ppm; sulfate and chloride each,
250 ppm; and fluoride, 1.5 ppm. Dissolved solids should not exceed
500 ppm; however, if water of such quality is not available, a dis-
solved solids content of 1,000 ppm is permitted. Magistad and
Christiansen (1944) have given tentative standards for irrigation
waters, but they indicate that consideration should be given to the
characteristics of the soil in evaluating the effect of a water of given
chemical composition on a given soil. By these standards, water con-
taining less than 700 ppm of dissolved solids and a percent sodium !
less than 60 is considered suitable for irrigation of almost all plants
under almost all conditions.

In a few locations in the southwestern United States, water con-
taining more than 4,000 ppm of dissolved solids is used continuously for

t Percentage of sodium among the principal cations—sodium, potassium, calcium, and magnesium, all
expressed as chemical equivalents.



INTRODUCTION 5

irrigation, and in many areas in the southwestern States and the Great
Plains region, supplies containing as much as 2,500 ppm of dissolved
solids are used for drinking by those who have become accustomed to
them (Ellis, 1954).

Water containing 1,000 ppm of dissolved solids is used for public
supplies in many areas of the East-Central region where water of lower
dissolved-solids content is not available.

Partly on the basis of the above standards of quality, and for con-~
sistency in this report, specific terms used in describing the degree of
salinity of water have been selected arbitrarily.

Dissolved solids,
in parts per

Description million
Slightly saline_ . .- 1, 000-3, 000
Moderately saline_... .. ______________ 3, 000-10, 000
Very saline_ _ .o 10, 000-35, 000
Brine . oo e 35, 000+

The “slightly saline” category includes many natural surface- and
ground-water supplies that are currently in use or are potentially
usable. The upper limit for very saline water was set as that for ocean
water, which is commonly used as a gage in salinity of water. Con-
centrations exceeding that for ocean water are grouped arbitrarily
as brines, no distinction being made as to the composition of the dis-
solved solids. By far the largest number of brines, however, repre-
sent concentrated ocean water containing mostly sodium chloride.

SOURCES OF DATA

The data used in the preparation of this report were obtained
largely from the files of field offices of the Water Resources Division of
the Geological Survey, but also partly from reports, published and
unpublished, of water-resources studies carried on by the Survey, both
independently and in cooperation with many State and Federal
agencies. Other data were furnished by State agencies, directly or in
the form of reports of investigations issued by them. Because many
of the chemical analyses are unpublished, acknowledgment bas been
made to the organization from which each was obtained.

The Geological Survey has been collecting data about the quantity
of surface water since 1888. Measurements of stage, discharge, and
content of streams, lakes, and reservoirs in the United States are
published in cooperation with States and other agencies in a regular
series of annual water-supply papers. The regular series of annual
water-supply papers—the Geological Survey’s records of chemical
analyses, suspended-sediment content, and temperature of surface
water—was begun in 1941 in cooperation with State and Federal
agencies, In 1941 there were about 40 stations at which daily samples
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of surface water were collected for chemical examination, in 1949 there
were 143, and in 1954 there were 227. Currently each year’s report is
issued in four volumes; reports are available through the 1952 water
year (year ended September 30, 1952),

The Subcommittee on Hydrologic Data of the Federal Inter-Agency
River Basin Committee has prepared two inventories of published and
unpublished chemical analyses of surface waters (1948, 1954).

Acknowledgment is made in the tables to sources of data other than
the Geological Survey.

EXPRESSION OF RESULTS

The dissolved mineral constituents are reported in parts per mii-
lion. A part per million is a unit weight of a constituent in a million
unit weights of water. Equivalents per million are not given in this
report, although the expression of analyses in equivalents per million is
sometimes preferred. An equivalent per million is a unit chemical
combining weight of a constituent in a million unit weights of water
and is calculated by dividing the concentration in parts per million by
the chemical combining weight of the constituent. For convenience
in making this conversion by multiplication instead of division, the
reciprocals of chemical combining weights of the most commonly
reported constituents (ions) are given in the following tabulation.

Constituent Factor Constituent Factor
Iron (Fe++)___.____ 0. 03581 Bicarbonate(HCO;~) 0. 01639
Tron (Fet+++)___.____ . 05372 Carbonate (COs~—). . 03333
Calcium (Ca++)____ . 04990 Sulfate (SOs—)_____ . 02082
Magnesium (Mg++)_ . 08224 Chloride (Cl7)______ . 02820
Sodium (Na+)._____ . 04350 Fluoride (F~).__.__. . 05263
Potassium (K+)____ . 02558 Nitrate (NOs™)oueoo . 01613

Regults given in parts per million can be converted to grains per
United States gallon by dividing by 17.12. A calculated quantity of
sodium and potassium is given in some analyses and is the quantity
of sodium needed in addition to the calcium and magnesium to balance
the acid constituents.

The hardness, as calcium carbonate (CaCOy), is calculated from the
equivalents of calcium and magnesium except for a few samples for
which the reported values also include equivalents of free mineral
acid, aluminum, iron, and manganese when these are present in sig-
nificant quantities. The hardness caused by calcium and magnesium
(and other ions if significant) equivalent to the carbonate and bicar-
bonate is called carbonate or temporary hardness; the hardness in
excess of this quantity is called noncarbonate or permanent hardness.

For those analyses where sodium and potassium are reported sepa-
rately, the percent sodium has been computed by dividing the equiva-
lents per million of sodium by the sum of the equivalents per million
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of calcium, magnesium, sodium, and potassium and multiplying the
quotient by 100. For analyses where sodium and potassium were
calculated and reported as a combined value, the value reported for
percent sodium will include the equivalent quantity of potassium.

Specific-conductance values are expressed in reciprocal ohms times
10® (micromhos) at 25°C. Hydrogen-ion concentration, expressed
as pH, is the negative logarithm of the number of moles of ionized
hydrogen per liter of water.

An average of analyses (arithmetical or weighted) for the water
year is given for most daily stream-sampling stations. An arithmetical
average represents the composition of water that would be contained
in a vessel or reservoir that had received equal quantities of water
from the river each day for the water year. A weighted average repre-
sents approximately the composition of water that would be found in
a reservoir containing all the water passing a given station during the
year, after thorough mixing in the reservoir. The weighted average
of the analyses is computed by multiplying the discharge for the
sampling period by the quantities of the individual constituents for
the corresponding period and dividing the sum of the products by the
sum of the discharges. Water as represented by the weighted average
is less concentrated than that represented by the average of the indi-
vidual analyses for most streams because at times of high discharge
the rivers generally have lower concentrations of dissolved solids than
they do at times of low flow.

SURFACE WATER
By R. A. Krieger and J. L. Hatchett
DISCUSSION OF SALINITY

Surface water as considered here is that part of the precipitation
appearing as runoff on the earth’s surface. It includes both water
that runs off directly at the surface into streams and lakes and water
that seeps into these surface-water bodies after having traveled through
the ground. The rest of the precipitation is intercepted by the leaves
of vegetation and is evaporated, or is absorbed by the soil and later
transpired by vegetation or evaporated directly from the soil. The
total loss by evaporation and transpiration is called evapotranspira-
tion or “water loss’’ and, together with the runoff, accounts for all the
precipitation.

The interior of the United States, particularly the western part,
where runof! is less than 10 inches per year (fig. 1) includes most of
the areas where saline surface water has been observed.

The chemical composition of the dissolved solids of water has been
the principal concern in this study of saline surface water, but the
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FIGURE 1.—Average annua) runoff in the United States.

quantity of water available and the suspended-sediment content of
the water also are important factors to consider in planning its use.

In closed-basin areas, evaporation of the surface waters causes an
increase in the concentration of dissolved solids. Many lakes in the
Great Basin contain water that has been concentrated by evaporation
or that has redissolved accumulated salts left by receding water, so
that the water is saline.

Saline waters occur in tidal streams along the coast where the mix-
ing of sea water and surface water may extend several miles inland.
Near the mouth of a stream the concentration of dissolved solids may
approach that of sea water, and the sodium and chloride ions predom-
inate.

Man creates saline water in places by the use of water for irrigation.
Although some of the dissolved solids are removed by plants or
precipitated during irrigation, most of them remain in solution.
Because some water is taken up by plants and retained or transpired,
and some is lost by direct evaporation, there is an increase in the
concentration of dissolved solids in the irrigation return flow that
contributes to the surface-water supply. Successive reuse of water
for irrigation may increase the dissolved-solids content of the water
from irrigated areas to several thousand parts per million.

Municipal and industrial wastes may increase the dissolved-solids
content of surface water to the extent that it becomes saline. Qilfield
wastes contribute to the salinity of surface water in some areas.

In most of the observed occurrences of saline surface water in
streams, the mean daily flow was less than about 400 cfs (cubic feet
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per second) and the observed maximum concentration of dissolved
solids was generally less than about 3,000 ppm (table 3). In general,
the dissolved solids in the water at any specific location are highest
when the flow is the lowest. For example, the flow and dissolved-
solids content of the Pecos River at Puerto de Luna, N. Mex., were
fairly constant for the first 6 months of the 1949 water year (October
1948 through March 1949), the water containing about 2,200 to 2,400
ppm of dissolved solids; during the remainder of the year, the water
ranged from fresh to slightly saline in response to fluctuation in
streamflow (table 1). On the other hand, the dissolved-solids content
of the water in the Saline River near Russell, Kans. is not constant for
any long period (table 2).

Specific-conductance duration curves for two stations on the Cana-
dian River and one station on Elk Creek in Oklahoma are shown in
figure 2. An approximate dissolved-solids figure can be obtained by
multiplying the specific conductance by 0.7. The percentage of days
and streamflow represented by any single specific conductance can be
read directly from these curves. The curves represent cumulative
‘data and not the chronologic occurrence of these conditions.

Figure 3 illustrates the range in dissolved solids and the variation
in flow during a period of time for the Colorado River at Grand
Canyon, Ariz. The maximum flow for the year at the Grand Canyon
station occurs during the spring runoff, at which time the dissolved-

TaBLe 1.—Selected data for the Pecos River at Puerto de Luna and below Alamogordo
Dam, N. Mex. (from U. 8. Geol. Survey, 1953b)

Mean dis- Specific
charge |Dissolved conduct-
Date of collection (cubie solids | Percent ance
feet per ((parts per| sodium | (micro-
second) | million) négg(sj ;31‘.

Pecos River at Puerto de Luna, N. Mex.

Oct. -8 0, 1948 e - 94.3 2,300 9 2,620
. , 260 10 500

, 380 11 2, 700

, 400 11 2,730

, 410 8 2, 760

, 450 9 2, 780

240 7 2, 610

574 6 824

943 ] 1,250

900 6 2,170

270 6 1, 690

500 3 1,850

Apr. 1-3, 56,810, 1949 e 703 2, 470 9 2,750
May 1-10..________._ 104 1,300 9 1,630
June 1—10 ............ 60. 2 680 14 967
July 1-10-. 109 695 11 937
Aug. 110 e 426 654 9 895.

Sept. 1-10. e 887 728 8 oL
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TasLE 2.—Selected data for the Saline River near Russell, Kans., October 1947 t0
September 1948 (from U. 8. Geol. Survey, 1953a)

Mean Specific
discharge | Dissolved, conduct-
Date of collection (cubic solids | Percent ance
feet per | (partsper| sodium | (micro-
second) | million) mhos at
26°C)

Qct. 1-31, 1947 e 8.6 4,430 75 6, 660
Nov. 1-30 12 3,620 69 5,640
Dee. 1-31 o 18 2,710 66 4,220
. 3,960 67 3,960
299 . 1,890 61 2,900
1, 400 51 2,160
2,120 63 3, 260
2,390 62 3,720
966 49 1, 560
972 38 1,340
438 22 603
286 16 435
208 12 316
218 14 305
470 33 726
248 25 376
230 18 330
696 43 972
2, 090 62 3,270

solids concentration in the water is lowest. These data should not
be considered typical for all saline water. At other stations where
saline water has been observed, the maximum flow and minimum
concentration may appear during summer rains. Also, at other
stations concentration of more than 1,000 ppm may exist during the
entire year or for several years.

A change in concentration of dissolved solids that sometimes occurs
during flood flows is an exception to the rule of high flow and low con-
cenfration. During the initial rise in a flood, the concentration of
dissolved constituents may increase as the flow increases. This
feature, which has been observed particularly in streams in semiarid
or arid regions, is attributed to channel scour and to solution of salts
deposited at low flow.

In areas where man has regulated the flow of streams by impound-
ment, there is less daily variation in the concentration of dissolved
solids in water passing points downstream, even though the flow may
vary considerably from day to day. The fluctuation of the dissolved-
solids concentration of the Pecos River above and below Alamogordo
Dam, N. Mex. (table 1), illustrates the effect of streamflow regulation.

EXPLANATION OF TABLES AND DEFINITION OF TERMS

The U. S. Geological Survey has divided the area of the United
States into 14 parts which correspond generally to the major drainage
areas, in order to facilitate publication of the annual series of surface-
water reports. The area included in each part is shown in plate 1.
The stations where saline water was observed are listed in downstream
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F1GURE 2.—Duration of dissolved-solids concentration for the Canadian River and Elk Creek, in Oklahoma.

order from headwater to mouth in accordance with the system adopted
by the Geological Survey effective in October 1950. Previously all
the stations on a stream were listed consecutively from headwater to
mouth before listing any stations on tributaries to that stream. In
the new order, stations on tributary streams are inserted between
stations on the main streams in the order in which those tributaries
enter the main stream. Stations on tributaries to tributaries are
inserted in a like manner.
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FI1GURE 3.—Dissolved solids and discharge of Colorado River at Grand Canyon, Ariz.
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Table 3 lists the sampling station and location according to drainage
basin, and, where information is available, drainage area gbove station,
period of record, number and frequency of samples collected, composite
period, and source of basic data. The tabulated analyses may range
from a few individual determinations to very complete analyses, and
the period of record may range from a day to a year or more for which
continuous records are available. In general, the analyses of the water
represent the observed maximum and minimum dissolved-solids con-
centrations at a particular sampling site. At most stations the period
of record is less than 10 years, and at many of these the period of
record is less than 5 years. Ordinarily, the maximum concentration
observed during a 10-year period will be closer to the expected extreme
than that of a shorter period if the frequency of sampling is essentially
the same for each of the two periods.

Many of the drainage areas given in the inventory are only approxi-
mate; however, all qualifying terms such as “about,’”” “approximately,”
and “‘estimated’” have been omitted.

When the information is available, the period of record is given to
the nearest month and year. If samples were collected over a number
of years, individual years were not tisted separately unless there was a
break in record, variation in available analytical data, or difference in
source of information. Where only a few scattered observations were
made, the dates are shown only for the first and last observations.

The number of analyses is intended to show the amount of analytical
data available and hence the adequacy of the record. That column
Zives the actual number of analyses made of samples collected at each
point.

The annual reports of the Geological Survey on surface water
contain discharge records for many of the sampling locations.

The frequency of sampling is intended to show how often samples
were collected—daily, weekly, monthly, or infrequently. The key
to the symbols is given at the beginning of each table.

NORTH AND SOUTH ATLANTIC SLOPE BASINS AND
EASTERN GULF OF MEXICO BASINS

Most of the saline surface waters in thése basins (pl. 1, areas 1 and
'2) occur in tidal streams and therefore are directly related to inland
movement of ocean water or mixtures of fresh and ocean waters.
There are few reported occurrences of saline surface waters above
tidewaters. Much of the coastal plain is now the border zone between
the fresh water of the continent and the brine of the ocean.

The volume of saline water in the coastal areas is almost unlimited;
however, the chemical quality of estuarine w&ter approaches that of
ocean water Where withdrawals from contributing streams or a
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decrease in runoff for the area cause inland movement of ocean water.

The eight principal river basins comprising the North Atlantic
drainage are those of the Pennobscot, Kennebec, Androscoggin, Merri-
mac, and Connecticut Rivers in New England, and those of the
Hudson, Delaware, and Susquehanna Rivers in the Middle Atlantic
States.

In the North Atlantic drainage, relatively high annual precipitation
of marked uniformity throughout the year averages 40 to 50 inches.
Precipitation is higher on the mountain areas, reaching a maximum
of about 80 inches annually on Mount Washington in New Hamp-
shire. This abundant precipitation is reflected in a mean yearly
runoff from the area ranging from about 35 inches (2.6 cfs per square
mile) in the upper reaches of the White, Green, and Adirondack
Mountains to less than 15 inches in northwestern Maine and central
New York. Natural or artificial storage in some of the streams,
particularly in Maine, has effected tremendous changes in the flow
characteristics of the streams. Such regulation affects also the
upstream extent and duration of salinity in tidal streams.

In general, not many data were available even for tidal streams;
however, the general similarity of occurrence and chemical character
of the water makes the available data applicable over a wide area.
The Connecticut River is an example of a tidal stream affected by sea
water. During 1937 the chloride content of the Connecticut River
at Saybrook, Conn., ranged from 1 to 14,330 ppm, while at East
Haddam, Conn., about 12 miles upstream the maximum chloride
content was only 58 ppm. Such a wide range of chloride content
between one station and nearby stations is to be expected in many
streams in the Atlantic and Gulf of Mexico basins.

The Hudsoa and Delaware Rivers furnish further examples of salt-
water penetration in the tidal reaches of large rivers. The Hudson
River is affected by sea water as far upstream as Poughkeepsie, N. Y.
Chloride concenttdtion o6f 1;000 ppm were observed at West Point,
more than 2,000 ppm chloride at Peekskill, and more than 8,000 ppm
at Yonkers. Regulation of runoff from the basin upstream from the
Sacandaga reservoir, New York, since 1930 is believed to have been a
stabilizing influence on the position of the zone of mixing of the fresh
and salt water. This zone is situated in the reach of channel near
Poughkeepsie, about 75 miles upstream from Battery Park.

The Delaware River is the principal source of water for many indus-
tries and municipal supplies in the reach of the river from Trenton,
N. J., to Marcis’Hook, Pa., and both industries and municipalities
use it for disposal of their wastes. Because of the importance of this
area, the following brief summary of a recent Geological Survey
investigation is included.
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During the -period August 1949 to December 1952 it was observed
(Durfor and Keighton, 1954) that the mineral content of the water
increases from Trenton to Marcus Hook. During protracted periods
of low flow (which occurs only during the late summer months) salt
water moves upstream along the river bottom and partly mixes with
the river water, owing to currents from tidal action and other factors.
The upstream movement causes chloride concentrations to increase
sharply at Eddystone and at Marcus Hook; near its mouth the river
water tehds to approach the composition of sea water. During these
periods higher concentrations of dissolved solids are observed at the
bottom of the river than near the surface. During normal flow there
is more calcium than magnesium and more sulfate than chloride in the
water. This relation is reversed when the downstream flow is low
and ocean water mixes with the river water. At such times it was
observed that dissolved-solids concentrations became as high as
4,150 ppm (moderately saline) at Marcus Hook, but were only about
250 ppm at the Philadelphia-Camden bridge.

It is reported that at least one industry at Marcus' Hook pumps
river water through cooling towers during periods when concentrations
are greater than 1,000 ppm; however, it was observed that the chloride
content of the water at Marcus Hook was less than about 810 ppm in
about 80 percent of the samples.

Chesapeake Bay and parts of tributary streams constitute a vast
system of saline-water bodies extending inland for a great distance.
The long shoreline of Chesapeake Bay makes possible many sites
where saline water could be obtained ; however, the chemical quality
is variable and the degree of salinity may exceed the ability of presently
economical methods to treat the water. Analyses 15 and 16 in table 3
show the range in specific conductance in Chesapeake Bay water at
Chesapeake Bay bridge to be from 11,100 to 18,000 micromhos on
October 29, 1952, reportedly at low and high tide, respectively.
Some tidal streams -on Maryland’s Eastern-Shore are saline for con-
siderable distances upstream. For example, Murphy 2 observed a
specific conductance of 1,750 micromhos at high tide in the Nanticoke
River at Vienna, Md., about 18 miles upstream from the river's
mouth. (See analysis 7, table 3.)

In the south Atlantic and eastern Gulf drainage system, the presence
of the low-lying coastal plains and the rise from, the plains to the
Piedmont province and the Appalachian Plateaus have a profound
effect on precipitation. The average annual precipitation is fairly
‘uniform over the coastal plain, amounting to-50 to 60 inches hear the
coast, 40 to 45 inches over the Piedmont province, and 50 to 60

2 Murphy, J. J., 1953, Salinity studies on estuarles of the Eastern Shore of Maryland: U. 8. Geol. Survey
open-file report, p. 1-39.
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inches in the mountains. Approximately two-thirds of the land area
of drainage is relatively level coastal plain, and the streams are
sluggish and relatively uniform in flow.

Runoff from the Blue Ridge is high but flashy, amounting to as
much as 45 inches (3.3 cfs per square mile) in some areas.

The Potomac, James, and Roanoke Rivers head in the Valley and
Ridge province and cut eastward through the Blue Ridge. The
Peedee, Santee, Savannah, and Apalachicola Rivers head in the
Blue Ridge.

The Combahee River at Yemassee, S. C., is an example of the large
change in salinity (see analyses 3 and 4 in table 3) that occurs in
streams having a wide range in streamflow. For example, the
dissolved-solids concentration on March 25, 1952, when the discharge
was 1,220 cfs, was only 87 ppm, and on September 15, 1953, when the
discharge was 47 cfs, the concentration was 5,780 ppm. Both samples
were taken at high tide. Fluctuations of this magnitude would cause
severe operating problems in converting saline water to fresh water.

Lake Tarpon near Tarpon Springs, Pinellas County, Fla., is con-
nected hydrologically to the Gulf of Mexico, and consequently the
salinity varies with the flow of water in and out of the lake. For
many years the lake has drained rapidly at intervals, each period of
draining being followed by an increase in the salinity of the lake water
(maximum chloride content about 4,380 ppm), making it undependable
as a fresh-water supply.

OHIO RIVER BASIN

Some saline surface water occurs in the Ohio River basin, but it is
related principally to disposal of industrial and mine wastes. It is
reported that there are no known natural saline lakes or streams in
Ohio. The manmade saline waters occur chiefly in the eastern part
of the basin, where drainage is westward in the principal streams
receiving industrial wastes. Some flow of the Tuscarawas and
Muskingum Rivers in Ohio and some in mining and industrial areas
in the Tennessee and Allegheny River basins is saline. Normally if
the discharge of wastes to the streams is not continuous, or if the
water discharge is high, the concentrations of dissolved salts decrease
to less than 1,000 ppm. The principal ions in these polluted streams
are calcium, sodium, sulfate, and chloride. The hardness of some
water of the Tuscarawas River exceeded 10,000 ppm at flows of about
60 cfs. Coal-miné wastes are generaily high in calcium and sulfate.
Data available for this type of saline water were so few that an
adequate measure of the salinity is lacking.

In the western part of the Ohio River basin, the lllinois Geological
Survey found periodic samples of water from the Saline River near
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Junction, IlL., to be slightly saline at streamflows less than 25 cfs..
Caleium and sulfate ions were predominant. The available data for
the Ohio River basin are shown in analyses 17 to 49 (table 3).

ST. LAWRENCE RIVER BASIN

Only one stream in the St. Lawrence River basin was reported to
be saline. The Grand River at Painesville, Ohio, at times contains a
large amount of industrial waste brines and at low flow the water may
be very saline, exceeding 18,000 ppm in dissolved solids, principally
calcium and sodium chloride. Despite the existence of many salt
seeps and springs in Michigan, no other saline surface waters have
been reported in the basin.

HUDSON BAY AND UPPER MISSISSIPPI RIVER BASINS

The Hudson Bay drainage basin, which includes parts of North
Dakota, South Dakota, and Minnesota, is the only known source of
saline surface water throughout the area. Many waterways in this
basin have no surface outlets at normal stages, and runoff collects
in depressions, is concentrated by evaporation, and forms saline
lakes. The most saline of the waters, ranging from slightly saline
to brine, occur as lakes in closed basins, such as those in the Devils
Lake chain. Recent investigations by the Geological Survey (Swen-
son and Colby, 1955) showed that the total surface area of Devils
Lake had shrunk from about 90,000 acres in 1867 to about 6,500
acres in 1940, and the lake had become a shallow body of stagnant
brine.

Scattered records from 1889 to 1923 and more comprehensive data
from 1948 to 1952 show that the salt concentration ranges from about
6,000 to about 25,000 ppm in the water of Devils Lake. Although
the total concentration of dissolved solids has varied, the proportion of
individual constituents has not changed appreciably. Lake waters
are more concentrated in the lower part of the basin, ranging from
about 19,000 to 106,000 ppm in KEast Stump Liake during the periods
of record.

The amount of runoff in the basin and the amount retained in
upstream lakes differs greatly from year to year; therefore, the annual
inflow to Devils Lake is extremely variable. During years of average
precipitation, temperature, and evaporation, Devils Lake and lakes
upstream should receive nearly a quarter of an inch of runoff annually
from the drainage area of about 300 square miles.

Cranberry Lake is unusual among the North Dakota lakes because
of its relatively high carbonate and bicarbonate content, whereas the
other lakes generally are relatively low in carbonate and high in
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sulfate. Several lakes in the chain show anomalous ratios of mag-
nesium to calcium.

Some streams of the Hudson Bay basin are saline during part of
the year. The Sheyenne River at Sheyenne, N. Dak., at a low stage
was slightly saline (dissolved solids 1,810 ppm) on February 3, 1950,
but during a spring flood as on April 7, 1949, had a dissolved-solids
content of only 11 ppm. The Sheyenne River drains the same general
area in which the saline lakes are found. Other streams in the Hudson
Bay basin, such as the Souris River and the Red River of the North,
and those in the upper Mississippi River basin are not saline except
possibly at low flow during extreme drought periods. Undoubtedly,
other saline surface waters occur in North Dakota, but the amount of
water available is small.

MISSOURI RIVER BASIN

The Missouri River basin, which comprises about one-sixth of the
area of the continental United States and contributes about 14 per-
cent of the flow of the Mississippi River, has much saline surface
water owing to the chemical character of the sedimentary rocks and
the runoff characteristics of the Great Plains province. The princi-
pal areas in which saline water is found are eastern Montana and
Wyoming, western North Dakota and South Dakota, eastern Colo-
rado, and parts of northern Kansas. Saline water occurs in some of
the sandhills lakes in western Nebraksa and in places in eastern
Nebraska where the stream channel dissects sedimentary rocks con-
taining large amounts of soluble salts. No saline water has been
reported in that part of the basin in Minnesota, Iowa, and Missouri.

In the headwater areas of the Missouri River and its tributaries,
the average annual runoff is high, averaging 10 to 15 inches (0.7 to
1.1 cfs per square mile). East of the Rocky Mountains, the runoff’
in the Great Plains generally diminishes to an average of less than
1 inch per year (0.07 cfs per square mile), and then increases again
to about 3 inches near the upper Mississippi River.

The concentration of dissolved solids in waters varies with the
flow in the stream, the salinity is highest during periods of low flow.
In many of the smaller tributaries a large part of the total annual
flow may occur in a few weeks.

The principal sources of saline surface water in the basin are ground
water from saliferous shales and sands, irrigation return flows, and
industrial and municipal wastes, particularly from oilfield operation.
Evaporation at low flow further increases the salinity of streams.

The chemical character of the saline water is different from that
found in the bays and estuaries along the seacoasts. In the waters
of the Missouri River basin calcium and sodium commonly are the
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principal cations, and bicarbonate and sulfate are the principal anions.

The data presented in table 3 were selected from the data available
to give areal coverage of the main sources of the saline watec in the
Missouri River basin. Generally, where there were several stations
on the same stream, only one was selected to represent the water in
the stream.

In the upper part of the Missouri River basin, the streams draining
the mountain valleys are not saline. However, the streams draining
dry basins such as the Powder River basin and the Bighorn River basin
become increasingly saline downstream from natural causes and from
the return flow from irrigated areas. Most of the streams lose their
saline character during periods of high discharge. The waters from
these two basins are high in calcium, sodium, and sulfate and contain
relatively large amounts of magnesium and bicarbonate. A number
of dams impound the water, and therefore a controlled supply is
available. Ocean Lake near Riverton, Wyo., fed by return flow from
an irrigation project and by ground water, is of the sodium sulfate
type but contains appreciable amounts of calcium and chloride. The
concentration and composition of the water at the Ocean Lake outlet
is comparatively uniform throughout the year, averaging slightly
more than 2,000 ppm in dissolved solids. The mean discharge in
1950 at the Ocean Lake outlet was 19.2 cfs. Detailed analyses of
Ocean Lake and stations in the Powder River and Bighorn River
basins appear in table 3.

In northeastern Montana, the Milk River at Nashua, Mont., which
has an average annual flow of 555 cfs, discharges water whose chemical
character is similar to that in the aforementioned basins. However,
saline lakes in northeastern Montana, such as Medicine Lake contain
a mixed bicarbonate sulfate type of water. The percent sodium is
higher than in most Montana streams. The Little Missouri River,
which drains parts of eastern Montana and western North and South
Dakota, contained a sodium bicarbonate sulfate water that ranged
from fresh to slightly saline during the period October 1945 to Sep-
tember 1951. (See analyses 96-99, table 3.)

Many of the small and particularly the intermittent streams,
generally in the eastern or plains area of Montana, probably carry
slightly saline waters during low flow. These waters are used for
stock watering, and rarely for irrigation, but not for domestic supplies.
Their flows are considered to be too small to have a marked effect on
the larger streams such as the Missouri and Yellowstone Rivers.

In North and South Dakota, the rivers flowing eastward into the
Missouri River are saline much of the time. High runoff in the
spring and after heavy rains causes a freshening of the river water.
The water in some of the streams is used for irrigation, but frequently
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the percent sodium is so high that judicious application of the water
is necessary.

East of the Missouri River in the Dakotas, the James River is
slightly saline at low flows (at Jamestown, N. Dak., the average flow
is 73.5 cfs). Increased irrigation in the James River basin, such as for
the proposed Oahe-James River project, undoubtedly will increase the
salinity below Huron, S. Dak. Saline lakes occur in the sandhills
region of Nebraska, particularly in Cherry, Sheridan, and Garden
Counties. Both sodium and potassium bicarbonate waters are found,
and certain of the lakes such as Alkali Lake were a commercial source
of potash in World War I. Generally, good-quality ground and
surface waters are readily available in large quantities, and it is
unlikely that these shallow lakes could be considered a potential
source of water supply.

The upper Platte River basin includes some tributaries that are
saline, and the main stem of the North Platte River, which is regulated
at several points, has been observed to be slightly to moderately
saline at times between Casper and Cassa, Wyo. The lower Platte
River basin is freshened principally because of the low mineral content
of water draining from the Nebraska sandhills. In the South Platte
River basin, the Cache la Poudre River near Greeley, Colo., discharg-
ing ‘on the average 91.7 cfs of water (31-year record), was slightly
saline at less than average flow in 1950. The available data on the
river at Kersey, and continuous records for Julesburg, Colo., show that
the water in the lower reaches of the river is slightly saline during
most of the year to its junction with the North Platte River. Irriga-
tion return water is a principal factor in the salinity of the surface
water.

Excessive dissolved solids in surface waters are one of the major
problems in Kansas. The dissolved solids, principally sodium chloride
and calcium sulfate from natural sources, are derived principally from
salt springs, salt marshes, and direct contact with saliferous geologic
formations. The major sources of saline waters occur in a north-
south band about 150 miles wide across the central part of the State,
where salt-bearing formations underlie the area from the southern
border of the State northward almost to the valley of the South
Fork of the Solomon River and eastward to about the confluence of
the Saline and Smoky Hill Rivers. The major drainage across this
area is generally from west to east. The concentration of the water
in the upper reaches of the streams is generally low, but it increases
sharply as the streams cross the older rock formations (Cretaceous
and Permian) that yield mineralized ground water, and then decreases
as the waters are diluted by tributary inflow of lower mineral content.
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In places, highly mineralized base flow may constitute as much as
35 percent of the total flow.

The disposal of oilfield brine is now subject to control by the
Kansas State Board of Health, but brine disposed of in the past is
still a factor in yielding saline surface waters in some oilfield areas.
Some of the brines are reported to contain nearly 250,000 ppm of
dissolved solids.

Reports by the U. S. Public Health Service and the Geological
Survey show that the principal saline streams are the Saline, Smoky
Hill, and Solomon Rivers. Saline tributary streams, such as Salt
Creek which drains a salt marsh below Concordia, Kans., have been
observed in the Republican River basin,

The Smoky Hill River is saline from about Russell, Kans., to the
Kanopolis Reservoir, where mixing with dilute runoff freshens the
water to the extent that it is usable as a public water supply. The
water becomes saline again downstream, principally from the inflow
of the Saline River.

Summary of streamflow data for principal saline streams in Missouri River basin

Minimum
Average daily
discharge discharge
(cubic feet (cubic feet

Station Period of record per second) per second)
Powder River near Locate, Mont.__ 1938-50 763 0
Middle Fork Powder River near 1938-39, 1940-50 157 0
Kaycee, Wyo.
South Fork Powder River near 1938-40, 1950 .. ... 0
Kaycee, Wyo.
Powder River at Sussex, Wyo______ 1938-40, 1950 ______.__ 1.5
Liii&leDMli(ssouri River at Marmarth, 1938-50 420 0
. Dak.
HeDartk River near Glen Ullin, N. 1943-50 1196 0
ak.
Cannonball River at Breien, N. Dak_ 1934-50 277 0
Grand River near Wakpala, S. Dak__ 1930-50 313 0
Moreau River near Faith, S. Dak.__. 1943-50 1397 0
Moreau River at Promise, S. Dak__ 1930-50 281 0
Belle Fourche River near Elm  1928-31, 1934-50 447 0
Springs, 8. Dak
Chseyle)m]l{e River near Hot Springs, 1914-20, 1943-50 391 2.8
. Dak.
Chsey%m;ge River near Eagle Butte, 1928-50 1, 008 0
. Dak. .
White River near Kadoka, S, Dak.. . 1942-50 1219 0
Caéhia la Poudre River near Greeley, 1914-19, 1924-50 91.7 0.8
olo.
South Platte at Julesburg, Colo____ 1902-6, 19908—154(i 495 0
1914-
Smoky Hill River near Ellis, Kans._._ 1941-50 1291 0
Saline River near Russell, Kans____ 1945-50 1214 5
Arikaree River at Haigler, Nebr____ 1932-50 31.3 0

1 Mean discharge for water year 1950-51.
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LOWER MISSISSIPPI RIVER BASIN

Considerable basic data about water quality are available for the
Arkansas River basin, and general statements can be made with
regard to the saline surface water of this basin.

The Arkansas River enters an area of saliferous Permian rocks near
Hutchinson, Kans., and drainage principally from salt marshes and
industrial wastes from saltworks increases the salinity of the water.
Inflow of the Salt Fork of the Arkansas River and the Cimarron
River increases the salt load of the river above Tulsa. In the period
1947-50, the dissolved-solids content at Sand Springs, Okla., was
rarely under 1,000 ppm and at times exceeded 5,000 ppm. Below
Sand Springs, there is additional salty flow from the Canadian River.
Even in eastern Oklahoma, water in the Arkansas River is less desir-
able for most uses than is water from other available sources.

Salt springs and seeps from underlying salt beds increase the
salinity of the Cimarron River near Mocane, Okla., and some tribu-
taries, such as Crooked Creek near Nye, Kans., are reported to be
saline. The salinity of the Cimarron River is further increased in
its lower reaches by natural salt beds and oilfield brines.

The Verdigris River near Inola, Okla., at flows of less than about
250 cfs is slightly saline at times.

In the Neosho River, the salinity of the water is principally asso-
ciated with oilfield brines, mine wastes, and municipal sewage. It
is believed that, because of improved oilfield brine disposal in recent
years, the chloride content has been significantly reduced, and the
water is not saline during most of the year.

Water is diverted from the North Canadian River at Oklahoma
City to Lakes Overholser and Hefner for municipal water supply.
Downstream from the point of diversion the stream is reportedly
subject to pollution by oilfield brines and is too highly mineralized
for general use. Concentrations of dissolved solids that exceed
15,000 ppm have been observed at Oklahoma City.

The Canadian River crosses Permian redbeds in western Oklahoma,
and saline waters, in which the anions are principally sulfate and
chloride, are observed at Bridgeport. Downstream near Whitefield,
a chloride content of about 4,900 ppm has been observed at flows of
more than 2,700 cfs.

The' Canadian River crosses. Texas in a canyon cut into the High
Plains. Samples of water collected at Tascosa and near Amarillo
show that during low flow the water is sometimes slightly saline.
However, computations of weighted averages indicate that a reservoir
proposed for construction at Sanford would impound water that would
not be saline,
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The Canadian River crosses the Panhandle oilfield near Borger,
Tex., :and-many oil wells have been drilled im the riverbed. Some
samples of the river water at Borger have been slightly to moderately
saline, and it is probable that some saline flows occur all the way
across the panhandle.

In the Red River basin, surface runoff from the High Plains is
-small, and much of the area is noncontributing. East of the cap-
rock escarpment, the precipitation gradually increases to about 30
inches. The rock formations of the region contain highly soluble
minerals, and at times runoff is saline, particularly in Deep Red Run
and Little Beaver Creek.

The upper tributaries of the Red River cross Triassic and Permian
formations which contain much readily soluble material. Conse-
quently, the chemical composition of the stream waters often takes
definite characteristics that are related to the rock outerops. The
Salt Fork of the Red River and Mulberry Creek contain relatively
high propertions of calcium sulfate derived from gypsum. The
Prairie Dog Town Fork of the Red River is so saline, particularly
with common salt, that plans for a proposed reservoir on it were
dropped from consideration. The water of the Pease River is notable
for being high in both sulfate and chloride. Lake Kemp on the Big
Wichita River originally was built for irrigation purposes, but the
salinity of impounded water limited its usefuiness for that purpose.
The mixture of nonsaline floodwater and saline low-flow water that
is released through Denison Dam on the Red River is seldom saline,
although at Gainesville, Tex., above the reservoir, the river water is
moderately saline for long periods.

Some water made saline by brines from the Talco oilfield is found
in the Sulphur River during low flows. Water made saline by oil
operations occurs in many other areas in the Red River basin,
particularly in the vicinity of Wichita Falls, Tex.

Although saline waters have been found in streams in all parts of
Texas, the areas in which saline water is present for extended periods
are limited. Saline water is most common in western and north-
western Texas, where rainfall is low and evaporation high and where,
in places, rock formations at the surface contain relatively large
amounts of readily soluble minerals. Saline waters in streams of
eastern or southern Texas generally origindte in the west or north-
west and move down the river channels, or are due to local oilfield
contamination. Very saline water from the Gulf of Mexico mixes
with river water in the tidal reaches of the rivers. The position of
the salt-water interface is determined by the river discharge, which
varies with runoff from the drainage area, with river controls, and
with use for industrial and irrigation purposes.
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Except for the Arkansas and the Quachita Rivers, the saline
streams in Arkansas drain small areas and at times during the summer
months have no flow. However, Smackover Creek and Bayou La-
pile contribute large amounts of dissolved solids to the Ouachita
River and have caused the change in quality of the Ouachita River
from Camden to the Arkansas-Louisiana State line. Bayou L’Outre,
Three Creeks, and Cornie Bayou empty their salt loads into the
Ouachita River in Louisiana, but their total effect on the quality of
the river water is not known.

In Louisiana the principal saline surface-water problems are related
to oil and gas production and sea-water intrusion: Although much of
the salt water produced from the newer oilfields is injected under-
ground, salt water in the older fields has customarily been discharged
into pits or into stream channels. Consequently, tributaries of the
Red and Ouachita Rivers often contain moderately to very saline
water, particularly when the stream discharge is low.

In southwestern Louisiana thousands of acres of rice is irrigated by
water pumped from numerous short streams. Salt water has been
found many miles inland from the mouth of the Vermilion River
because the heavy withdrawal has permitted water to move inland
from the Gulf of Mexico. However, the salinity in the Vermilion
River during periods of reversal of flow is modified because Vermilion
Bay is considerably freshened by large volumes of water from the
Atchafalaya River.

The salinity of the Mermentau River above the Intracoastal Water-
way is controlled considerably by locks and control structures below
Grand and White Lakes.

In the lower Mississippi River Delta, dependable fresh-water sup-
plies are generally lacking, and cisterns are an important source of
domestic supplies. Large volumes of brine are available in many
channels and bayous.

WESTERN GULF OF MEXICO BASINS

The low flows of the Salt Fork of the Brazos River frequently are
very saline. Weighted-average flows are moderately saline, although
some low flows are fresh. The Double Mountain Fork of the Brazos
River is fresh during flood periods, its low flows are moderately saline,
and its weighted-average flows are slightly saline. The water of the
Clear Fork generally is fresh, although slight to moderate salinity
sometimes oceurs. Mixtures of the three waters are stored about 20
miles northwest of Mineral Wells, Tex., in the Possum Kingdom reser-
voir on the Brazos River. Walter released from the reservoir is slightly
saline, and inflow to the Whitney reservoir about 80 miles downstream
is sometimes slightly saline. Formerly saline water traveled to the
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mouth of the Brazos River, but under existing conditions it cannot
oceur below the Whltney reservoir except when caused by oil brmes
released through minor tributaries.

The Calcasieu River channel, Calcasieu Lake, Sabine Lake, and
lower Sabine River sometimes have very saline waters—approaching
that of the open gulf.

The Colorado River in Texas.is sometimes slightly saline. above
Colorado City, owing to the presence of salt springs in the riverbed.
Slightly saline water has been observed at Robert Lee also. Because
construction of the dam forming Lake Colorado City, Cherry Creek
frequently was slightly to moderately saline, but the impounded water
is of good quality. Other tributaries of the upper Colorado contain
saline water in low flows and fresh water during flood flows.

The Pecos River watershed extends from the Truchas Peaks of the
Sangre de Cristo Range in northern New Mexico to the confluence of
the Pecos River with the Rio Grande, near Comstock, Tex. The
total drainage area of the Pecos River is 44,535 square miles, of
which 11,313 square miles comprises noncontributing areas in closed
basins. The Pecos River is perennial, except for a reach from about
Anton Chico to the vicinity of Colonias, N. Mex., and the reach be-
tween Alamagordo Dam, N. Mex., and the mouth of Salt Creek.

The slightly saline water of the Pecos River below Alamagordo
Dam is characterized by a high proportion of calcium and sulfate.
From Roswell, N. Mex., south to the Red Bluff reservoir in Texas,
inflow from springs and irrigation return flow cause an increase in
salinity of the Pecos River and a change in the predominant ions in
the water. The springs adding most of the salt are in the Malaga
Bend area above the Red Bluff Reservoir. The brine inflow in this
area averages only about 0.5 cfs, but the brine is a nearly saturated
solution, mainly of sodium chloride. The concentration of dissolved
solids is as much as 270,000 ppm, or about 8 times that of sea water;
the average addition of salt amounts to about 430 tons per day. The
brine inflow adversely affects the quality of the river water to the
extent that it can be used for irrigation only by special land practices
involving the use of large quantities of water to leach the soil.

Manufacturing, mining, and allied enterprises in the Pecos River
basin use small amounts of surface water. The available water supply
in the Pecos watershed is so limited that any increased large-scale use
will necessitate the curtailment of some existing uses.

Water of the Pecos River at Orla, Tex., ranges from slightly to
moderately saline. The river water at Grandfalls frequently is very
saline, owing principally to inflow from salt springs. Tributary inflow
of the Pecos River in Texas generally is small and moderately to very
saline.
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Mixtures of river water and gulf water in varying proportions are
found on the entire gulf coast. Analyses of samples of nonsaline water-
and saline water at two points in the lower Trinity River are given in.
table 3.

The International Boundary and Water Commission (1951) reports:
annual average concentrations exceeding 1,000 ppm for the Rio
Grande at Fort Quitman, at the upper Presidio Station, and for the
Pecos River near Comstock, for the period 1935-51. The Fort
Quitman station is 81.1 river miles below American Dam at El Paso,
Tex., and streamflow which may range from more than 10,000 cfs to
no flow is modified by reservoirs, diversions, and drainage returns.
Other stations on the Rio Grande and many of its tributaries are
saline during parts of the year, particularly during the winter months
of low flow. At the upstream stations in Texas, the Rio Grande water
is principally of the sodium chloride type, as is that of the Pecos
River at Comstock, but sulfate also is important.

COLORADO RIVER BASIN

Most quality-of-water data for the Colorado River basin have
been obtained since 1940, although records for some stations on the
main stem date back to 1925. Data concerning the quantity of water
available in the area have been accumulating for a much longer
period of time.

The Colorado River drains an area of 244,000 square miles, of
which 242,000 square miles is in the United States—about one-
twelfth of the area of the continental United States. The basin
from Wyoming to below the Mexican border is about 900 miles long
and ranges in width from 300 miles in the upper part to 500 miles
in the lower part. Tributaries, many of them saline, extend into
seven of the large Western States, Arizona, California, Colorado,
Nevada, New Mexico, Utah, and Wyoming.

Physical characteristics indicate division of the Colorado River
basin in the United States into seven parts, three in the upper basin,
or the drainage area above Lees Ferry, Ariz., and four in the lower
basin, or the area below Lees Ferry.

UPPER COLORADO RIVER BASIN

The upper basin includes an area of 110,500 square miles. The
upper tributaries of the Colorado River are fed largely by snowmelt,
and, although dissolved solids increase with return flow from irrigation
below an elevation of 7,000 feet, few tributaries having appreciable
flow are saline.

The Green River division includes 45,000 square miles in Wyoming,
Utah, and Colorado. Flows of the Green River and its tributaries
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are greatest in the spring when mountain snows are melting. About
60 percent of the annual runoff occurs during April, May, and June.
Late summer flows are extremely low, and storage of the springtime
flow is necessary to provide dependable sapplies threughout the-year.
The streams emerge from canyons rather dilute and clear, but they
pick up salt in the valleys, especially in late summer when return
flows from irrigation are high. Runoff from exposed shale beds along
LaBarge, Fontenelle, Big Sandy, and Bitter Creeks and the Straw-
berry River carries substantial salt concentrations. Heavier con-
centrations may result from expanded irrigation in the future, from
proposed increased exportation of dilute water from headwaters, and
from reservoir evaporation. The highest dissolved-solids concentra-
tion observed in the Colorado River basin, 8,220 ppm, was in a sample
of water obtained from the Price River at Woodside, Utah (see
analysis 280, table 3). The drainage area of the river at this station
is 1,500 square miles. At the time the sample was obtained, the
mean daily flow in the river was 22 cfs. Sodium and sulfate ions
were predominant in the water at this time. Natural flows of the
Price River are supplemented by irrigation releases from the Scofield
Reservoir in Utah,

The Gunnison and Dolores Rivers are the principal tributaries
of the Colorado River in the Grand division. The Grand division
includes 26,500 square miles. At low flow (160 cfs) the observed
moderately saline water of the Dolores River at Cisco, Utah, con-
tained principally sodium and chloride (see analysis 292, table 3).

In the deeply entrenched plateau area is the San Juan division,
39,000 square miles, drained by the San Juan River, a main tributary
to the Colorado River, and three smaller rivers, the Fremont, Escalante,
and Paria. In 1946 about 214,000 acres of land was irrigated in the
division, and proposed control and use of present surplus flow would
further develop irrigation and provide for transmountain diversion.
The proposed total ultimate annual depletion of about 1.267 million
acre feet from the San Juan River may have a considerable effect on
the salinity of the water remaining for use in the basin. Calcium
and sulfate are predominant when the waters of the San Juan and
Paria Rivers are slightly saline.

LOWER COLORADO RIVER BASIN

The lower Colorado River basin, embracing an area of 131,500
square miles in the Uunited States, is slightly larger than the upper
basin, on which it is dependent for most of its water supply. The
lower basin’s demands for water greatly exceed the available water
resources. Water from the Colorado River system, in 1946, was irri-
gating about 1.35 million acres in the lower basin. Full development
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under existing or authorized projects in California would more than
double present diversions by that State.

Flowing northwestward to join the Colorado River about midway
in its course to the sea, the Little Colorado River, principal stream in
the Little Colorado division, drains about 25,000 square miles in
northeastern Arizona and west-central New Mexico. Rain is in-
frequent but sometimes falls with great intensity, at which times the
streams become sediment-laden torrents. The channels contain
water throughout the year at the higher elevations but flow only
intermittently at the lower elevations. Storage is a prerequisite for
development.

In most of the streams in the division, the water deteriorates in
quality as it progresses downstream. Mineral springs, in places,
contribute large quantities of dissolved salts to the waters of the
stream. Several springs near the mouths of Chevelon and Clear
Creeks near Winslow, Ariz., cortribute to the flow of these streams
with the result that the water is slightly saline at low flow. Sodium
and chloride are predominant in this water. Dissolved-solids con-
centrations are as hizh as 3,000 to 4,000 ppm in the Little Colorado
River near Winslow, Ariz.

The Virgin division, including 12,700 square miles, has as its princi-
pal streams the Virgin River, Kanab Creek, and the Muddy River.
Streamflows are erratic, fluctuating from season to season and from
vear to year; thus storage regulation is necessary for utilization.
The average annual flow of the Virgin River at Littlefield, Ariz., near
1ts mouth for the period of record, 1930-51, is 250 cfs. Below La
Verkin, Utah, mineral springs containing chiefly carbonate, sulfate,
and chloride of calcium, magnesium, and sodium contribute highly
mineralized water to the Virgin River. At Littlefield, near the mouth
of the river, mineral springs contribute an average of about 60 cfs
which constitutes most of the low flow of the stream. The slightly
saline gypsiferous waters are used for irrigation but are not suitable
for domestic use.

In the Boulder division, having a drainage area of 40,800 square
miles, the range in concentration of dissolved solids in outflow from
Lake Mead is moderated by storage, averaging annually slightly less
than 700 ppm. Before the completion of Hoover Dam, low flows at
times were slightly saline.

Surface water in the Gila division, which has a drainage area of
53,000 square miles, carries considerable quantities of dissolved solids,
chiefly sodium, calcium, chloride, and sulfate. Low flows of the Gila
River at Gillespie Dam in the lower part of the division carry
more than 6,000 ppm of dissolved solids; however, flood flows are
comparatively dilute.
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The chemical character and concentration of the water in the Gila
River change greatly from the headwaters of the river in New Mexico
to Calva, Ariz., at the head of San Carlos Reservoir behind Coolidge
Dam (Hem, 1950). In this general area one:tributary, the San
Francisco River, receives moderately saline water from Clifton Hot
Springs (about 9,000 ppm of dissolved solids). At Bylas, Ariz., near
the lower end of the Safford Valley, the water of the Gila River in 1944
contained an average of 957 ppm of dissolved solids, consisting mainly
of sodium and chloride. A twofold increase in eoncentration of the
river in the reach of the Safford Valley is caused largely by inflow of
saline ground water and irrigation return flow.

GREAT BASIN

Many of the streams of the Great Basin drain into closed basins,
forming landlocked lakes and playas. The water evaporates, leaving
saline residues. Other streams drain into sinks, and there is little or
no accumulation of surface water. The lakes in the interior at the
lower altitudes usually are highly mineralized.

Runoff is low, averaging about 0.5 inch yearly in the Great. Basin
as a whole and 2.2 inches in the Great Salt Lake basin.

Pyramid Lake in the Truckee River basin, having an estimated
volume to 20 to 30 million acre-feet, and Walker Lake, a smaller lake
in the Walker River basin, were of about the same concentration
(sampled during different years), but the proportion of chloride was
somewhat higher in Pyramid Lake. (See analyses 340-341, table 3.)
The specific conductances of the samples obtained from Pyramid Lake
(1941) and Walker Lake (1937) were 6,780 and 7,570 micromhos,
respectively. Soda Lake, which is in the Carson Sink, is highly miner-
alized ; the principal constituents of the lake water are sodium chloride
and sulfate.

Waters of the Muddy River are reportedly saline at times but are
successfully used for irrigation.-

The dissolved-solids content of the water of Great Salt Lake varies
with the lake level; in 1930 the concentration was about 210 000 Ppim,
which is about 6 times that of sea water.

The dissolved-solids concentration of water from any of the lakes
varies with the amount of fresh-water inflow. The dissolved-solids
concentration of the Salton Sea was about 4,000 ppm, in 1908 and more
than 38,000 ppm in 1951 (see analysis 335, table 3). The current
estimate of the volume of water in the Salton Sea is 5 million acre-feet.
Most of the water that drains to the Salton Sea is irrigation return
flow. -

In 1948 and 1949, the mineral content of the water of the Alamo

387600—57——3
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River near Calipatria, Calif., was consistently more than I ,500 ppm
at flows of about 800 cfs.

The Sevier River near Lynndyl, Utah, was consistently sahne_
during the period of sampling (1951-53). The observed maximum
concentration, at a discharge of 20 cfs, was more than 3,000 ppm,
principally sodium, sulfite, and chlorlde Irrigation return flow is
probably the prmmpa,l contributor of saline Water at this station.”

Y

PACIFIC SLOPE BASINS IN CALIFORNIA, WASHINGTON,
AND OREGON, SNAKE RIVER BASIN, AND COLUMBIA
RIVER BASIN

The Columbia River and its tributaries, and a few short rivers
draining the slopes of the Coast Ra,nge and the western slope of the
Cascades, have the greatest variation in average annual runoff to be
found anywhere in the United States, ranging from about 175 inches
from a part of the Olympic Mountains in Washington to a fraction of
an inch from the part of the Columbia River basin near the mouth of
the Snake River. In streams in eastern Oregon, and other streams
originating in the mountains, uniformity of flow is caused chiefly by
the presence of glaciers and ]arge snowfields.

Quality-of-water data, other than on spot samples in these regions,
are very meager; however, available information indicates that saline
surface waters are unusual except where wastes and return flows and
drainage discharges from irrigated land may be saline. These condi-
tions have been observed in the valleys of the lower Payette and Boise-
Rivers. However, the waters of both streams in their lower reaches
are being used for irrigation. '

The waters of Crow, Stump, and Tygee Creeks, tributary to Salt.
Creek, Star Valley (Mansfield, 1927), may be affected by salt deposits
or saline springs. The waters of Soda Creek, a tributary of the Bear
River near Soda Springs, Idaho, are unusual and are unsatisfactory
for irrigation. Alkali Creek, entering the Snake River near Glenns
Ferry, is said to be salty. ,

There are no known saline streams in Washington. Several lakes-
in eastern Washington that reporteédly are high in carbonate include
Moses, Alkali, and Freshwater Lakes in Crab Creek Coulee. Omar-
and Soap Lakes in eastern Washington are both highly saline; the
dissolved. solids consist principally of sodium carbonate and sulfate.
Lenore Lake, near Soap Lake, and Jameson and Medical Lakes are
known to be saline; the latter at one time was a source of commercial
salt. No data on volume are available except for Soap Lake, which
at present has an estimated volume of 36,000 acre-feet.
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GROUND WATER
By J. L. Poole
GROUND-WATER REGIONS -

In order to summarize the occurrence of ground water in the United
States, Meinzer (1948, p. 163) divided the country into four ground-,
water regions, the boundaries of which are shown in plate 2.  These,
are the Atlantic and Gulf Coastal Plain, East-Central region: of”
Paleozoic and other old rocks, Great Plains, and Western Mountain
regions. These regions are further divided into ground-water prov-
inces (Meinzer, 1923, p. 309). The divisions are somewhat arbitrary,
but they serve a useful purpose in allowing a concise presentation of.
conditions in the entire country. These divisions of the United States
also are well suited to & summary of the occurrence of saline ground-
water because they are based on a geographic and geologic grouping
of the principal aquifers. Although there are many local exceptions,
each region or province is characterized generally by similar ground-
water conditions. These conditions are explained in more detail in
the discussions of the ground-water regions and provinces.

TYPES OF SALINE-WATER OCCURRENCE

The occurrence of saline water in a geologic formation may be due
to one or more of the following causes: Retention in the rock forma-
tion of the salty water in which the formation was deposited (connate-
water) ; solution of salt from the formation itself, or from adjacent
formations; and entrance of salt water into the formation after it-
was deposited and subsequently exposed to the ocean or another source .
of salt water.

Connate water, some of which has undergone cons1de1 able chemlca.l
change since the formations in which it is contained were deposited,
is present in many of the formations that are important sources of-
fresh water throughout the country, but to the greatest extent in the
East-Central and the Coastal Plain regions. The extent to which.
connate water may have been diluted or flushed out of an aquifer,
depends on the amount of circulation of water, which in turn depends,
on the permeability of the rocks and the hydraulic gradient. The,
distribution of connate water may be determined also by structural
features or lithologic characteristics of the formations which prevent
the free circulation of ground water. In general, the salinity increases
with depth in any given formation; however, many local variations
can be expected because of structural and hthologlc megulamtles in
the rocks.

Examples of saline water resulting from solution of salt from the
aquifer or adjacent rocks are found in much of the region extending’



32 PRELIMINARY SURVEY, SALINE-WATER RESOURCES OF THE U. 8.

from north-central Texas to southeastern Nebraska and the Trans-
Pecos region of western Texas .and eastern New Mexico. These
regions are underlain by formations of Permian age which contain
beds of evaporites such as rock salt, anhydrite, and gypsum, Certain
formations in many other parts of the country also contain such
evaporites, but generally to a lesser extent. Ground water that
enters these formations dissolves the salts from them and thus becomes
highly mineralized.

In the arid and semiarid basins of the Southwestern States a large
percentage of ground-water discharge is by evaporation from dry
lakes, or playas, and transpiration by water-using plants called
phreatophytes. Where evaporation and transpiration occur, the
dissolved minerals in ground water become greatly concentrated as
the residual salts accumulate. The water concentrated in this
manner ordinarily is limited essentially to the vicinity of the area in
which the natural discharge takes place.

In coastal areas saline water occurs in some geologic formations
because of their contact with the sea. Where the pressure head of
the salt water is greater than that of the fresh water, sea water moves
into the water-bearing formations. Such encroachment of sea water
has occurred in the past when sea level was higher than at the present
time. In Recent time salt-water encroachment has occurred in
coastal areas, contaminating fresh-water supplies, where the water
table or artesian pressure has been lowered to such an extent that the
fresh-water head in the water-bearing formation no longer exceeds
the salt-water head. Lowering of the water table by construction of
drainage canals has caused such encroachment in some areas, as in
southern Florida; however, the most common cause along the coasts
of the United States is withdrawal of water from wells.

Along beaches and on islands, fresh water usually floats on salt
water because of the difference in density between the fresh water,
which has a specific gravity of 1, and sea water, which has an average
specific gravity of about 1.025. Theoretically the fresh water extends
about 40 feet below sea level for every foot that the water table is
above sea level. A similar ratio applies to the contact between fresh
and salt water in an artesian aquifer exposed to a body of salt water.

TABULATION AND ILLUSTRATION OF DATA

Well data and chemical analyses of ground-water samples are con-
tained in tables 4-7. As each analysis is an example of a single
occurrence and does not necessarily represent average conditions, an
attempt has been made to select a range of data that is representative
for a given area in terms of both areal and geologic distribution of
saline water. Thus, for any given State or ground-water province or
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region, the data presented indicate the principal aquifers, average

depths of wells that draw water from them, yields that normally may

be expected, and approximate areal extent of the aquifers as sources

of ground water. The chemical analyses show the approximate

average dissolved-solids content of saline water. They are not
‘ representative of the total ground-water supply in the aquifer.

Plate 2 shows the distribution, by States and ground-water prov-
inces and regions, of the wells for which data are tabulated, and the
geologic age of the aquifer or aquifers tapped by each well. In each
State, wells are indicated by a symbol consisting of one or more letters
and a number. The letters represent the geologic age of the aquifer,
and the number is a serial number for consecutive wells in formations
of that age in a single State and in a ground-water region. The
detailed well data and the chemical analysis may be located under
that number in tables 4-7. The tables are arranged according to
ground-water regions, and, for each region, alphabetically by States
or parts of States that lie in that region.

ATLANTIC AND GULF COASTAL PLAIN REGION

The eastern and southern margin of the United States is a lowland
which passes under the sea almost without change of its gentle slope.
The submerged part is known as the Continental Shelf and the emerged
part, the Coastal Plain. The Coastal Plain begins with the islands
off the southeastern coast of Massachusetts and extends southward
and westward to include the southernmost part of Texas. Its land-
ward boundary from New England to the vicinity of the Brazos
River in Texas is the inner edge of Cretaceous formations, and from
the Brazos River southward it is almost at the contact between Lower
and Upper Cretaceous (Fenneman, 1938). From New Jersey to
Alabama the landward boundary is known as the Fall Line, which
separates the region from the Piedmont province of the East-Central
region of Paleozoic and other old rocks. For the purpose of this
report, however, and as defined by Meinzer, the Atlantic and Gulf
Coastal Plain region includes the Edwards Plateau of south-central
Texas, which is underlain by Lower Cretaceous formations (Meinzer,
1948, p. 162).

The region is underlain by seaward-dipping. strata of sand, clay,
marl, and limestone whose total thickness ranges from a featheredge
at the inner boundary to thousands of feet near the southeastern
coast. The rocks are largely unconsolidated except for the chalk
formations of Alabama and Mississippi, the limestone beds of Florida
and adjacent parts of Alabama, Georgia, and of South Carolina, and
those of the Edwards Plateau in Texas. The general distribution of
these formations at or near the surface is shown on many geologic maps.
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Downdip, at some distance from the areas in which the artesian
aquifers are at or near the surface, most of these aquifers contain
salty water which is a large potential source of supply where the fresh
ground-water supplies may not be adequate for future demands. It
is estimated that more than half the region is underlain by one or
more aquifers that contain salty water. Most, if vot all, of the State
“of Florida is underlain by formations that contain saline water. The
Floridan aquifer, which is the principal artesian aquifer in Florida
and southeastern Georgia, is composed of the Ocala limestone of
Eocene age and associated limestone, both older and younger (Parker,
Ferguson, Love, and others, 1955). It is the source of water for
thousands of wells and the largest limestone springs in the world.
It contains water high in chloride in southern Florida and in a broad
_coastal belt extending from St. Johns County on the Atlantic Coast
around the peninsula to Pinellas County on the west coast. This
“region is shown by Stringfield (1936, pl. 16).

A large area of the Coastal Plain from western Tennessee to the
Gulf of Mexico, including southeastern Arkansas, all Louisiana, and
large parts of Mississippi, Alabama, and Texas, is underlain by one
-or more formations that contain highly mineralized water.

CRETACEOUS FORMATIONS

Cretaceous formations crop out or occur at shallow depth along
‘most of the inner margin of the Coastal Plain region from Massachu-
“setts to the Rio Grande. Along the coast the depth to the top of
" these rocks range from a few hundred feet in the Long Island-Cape
-Cod area to several thousand feet in southern Florida.

The minimum depth of occurrence of saline water in Cretaceous
formations varies widely in the Coastal Plain region. In many inland
areas water containing more than 1,000 ppm of dissolved solids is
found at depths of only a few hundred feet. The mineral content
'generally increases with depth in any given aquifer, and water having
a salinity approaching that of sea water is-found in many inland areas
as well as in coastal areas. Slightly saline connate water is found at
“a depth of about 2,650 feet in Memphis, Tenn. (table 4), but water
from the same aquifer obtained near its outcrop area at Paris, Tenn.,
"at a depth of about 400 feet, is considerably fresher.

Along the Atlantic Coast, Cretaceous formations constitute one of
the principal sources of ground-water supplies. In the New York-
New Jersey area, aquifers of Late Cretaceous age are capable of yield-
“ing several hundred gallons per minute to individual wells. In New
Jersey, because of heavy industrial pumping, the Magothy and Raritan
“formations yield salty water in the lower Delaware River area and
"in Middlesex County near Raritan Bay and the Raritan River.



© ATLANTIC AND GULF .COASTAL PLATN ‘REGION. 35

The Peedee, Black Creek, and Tuscaloosa formations and their
equivalents are the principal Cretaceous fresh-water aquifers of the
-area from North Carolina to Georgia. In Florida, water in the
formations of Cretaceous age is salty. It is possible that. the:saline
‘water is partly of connate origin. In southern Georgia, Cretaceous
rocks below an approximate depth of 1,900 feet yield highly mineralized
watér. “At Savannah, Ga., Cretaceous formations yield salty water,
and at Parris Island, S. C., wells in the Cretaceous rocks yield: fresh
-water at shallow depth and saline water at greater depth.

In the Gulf Coast States, Cretaceous rocks crop out at the inner
margin of the Coastal Plain, but lie at great depths near the. coast.
‘The Tuscaloosa and Eutaw formations are the principal Cretaceous
aquifers in Alabama and Mississippi. Downdip from the outcrop
“areas where the formations are quite deep and are overlain by Tertiary
deposits, they yield water having a chloride content that is too high
for domestic use. Wells in these formations may flow at rates ranging
from a few gallons to several hundred gallons per minute and may
-yield substantially more when pumped. Saline water is present in
Jlarge quantities in southeastern Arkansas at depths -ranging from
150 to 2,600 feet. The saline water in Arkansas, some of which is
brme, is sometimes found in association with oil and gas.

. It is estimated that in.southeastern Oklahoma about 70 Imlhon
a.cre-feet of saline water is in storage in the Trinity sand of Cretaceous
age. - The water-bearing formations in this area have a total thick-
-ness that averages more than.750 feet in an area of about 1, 800
square miles.

i "In general, ylelds of wells screened in Cretaceous aquifers are Iughly
-variable; ranging from only a few gallons per minute to-about. 2,000
gpm‘from properly constructed wells. The Tuscaloosa formation of
‘Georgia and the Carolinas and the contemporaneous Raritan forma-
tion of New Jersey. and Long Island are among the most highly pro-
-duetive aquifers of the region.. “The overlying Black Creek and Peedee
formations of the southeastern Atlantic Coastal Plain ‘yield water to
‘wells at rates ranging from a few gallons per minute to about 1,200 gpm.

. Important Cretaceous water-bearing formations in the Texas
portion ‘of the Coastal Plain- region are the Travis Peak formation,
‘Glen Rose liriiestone, and Paluxy sand of the Trinity group, -the Ed-
wards limestone, and the Woodbine sand. Except for the Woodbine
sand they occur in a broad belt extending from Oklahoma southwaid
‘to about thelatitude of Austin, where the outcrop swings toward the
‘west, and they. underlie the Edwards Plateau in south-central Texas.
“The outerop of the Woodbine sand extends from southern Oklahoma
only as far south as McLennan County, Tex. Many cities in north-
central ‘and south-central Texas are ‘supplied with water from these
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formations. Chemical analyses and well data shown in table 4

indicate that saline water is available from them at moderate depths.

Yields of wells in the Trinity group are generally low, but some

flowing wells yield more than 500 gpm in Hill, McLennan, and Falls

Counties. A well owned by the city of Dalla.s was yielding 1,000
gpm in 1940.

The Edwards limestone is one of the most prolific aquifers in Texas,
supplying large quantities of water to wells and springs from cavernous
and faulted zones. In some places, localization of saline water prob-
ably is caused by faulting which prevents free circulation of the ground
water. The municipal water supply of San Antomwo, Tex., which
contains less than 300 ppm of dissolved solids, is obtained from the
Edwards limestone. South of a fault which crosses the southern part
of the city, water from the same source contains 4,000 ppm or more af
dissolved solids (Livingston, Sayre, and White, 1936) :

TERTIARY FORMATIONS

The Tertiary formations of the Coastal Plain region consist largely
of wedge-shaped beds of sand, clay, and semiconsolidated limestone
which increase in thickness as they dip toward the-sea. These sedi-
mentary rocks, which include some of the most extensive a,qulfers in
the United States are found in most of the Coastal Plain region from
southern Texas to east-central New Jersey.

Sea-water encroachment into Tertiary formations has occurred in
many heavily pumped areas along the coast and is impending in many
others. Many wells ranging in depth from 250 to 1,000 feet imimedi-
ately adjacent to the coasts of New Jersey, Delaware, Maryland, and
Virginia yield saline water.- The yields of these wells range from a
few gallons per minute to more than 1,200 gpm. The Cohansey sand
in the Wildwood and Atlantic City areas, New Jersey, contains
slightly saline water which may be, in part, of connate origin. .

The underlying Kirkwood formation, though containing fresh water
in the Atlantic City area, shows evidence of contamination downdip
to the southeast along the coast of New Jersey, and the’ possibility
exists that the encroachment may extend updip to the Atlantic City
area if ground-water withdrawal from this formation is inereaged.?

Although the total thickness of Cretaceous and Tertiary rocks in
southern Florida is more than 15,000 feet and the maximum thickness
of the Tertiary in Florida is as much as several thousand feet, the
geologic formations that yield fresh water in Florida represent only a
small part (about 1,000 feet) of this thickness. Slightly to moderately
saline water is pumped from wells of shallow to moderate depths in the

1 Schsefer, E. J., 1041, Conditions affecting salt-water inl;rusinn in the Atlantlc Gity region; U. 8. Geol :
Survey open-file report.
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principal "artesian aquifer, which includes formations of Eocene,
Oligocene, and Miocene age. These formations, which form s belt
extending from St. Johns County on the Atlantic Coast to Pinellas
County on the west coast, are shown by Stringfield (1936, pl. 16).
Some of the saline ground water may be connate; however, some is
residual séa water that entered the formations in Pleistocene time when
the sea stood higher than its present level. In Recent time encroach-
ment of sea water has occurred along the coast and contaminated
some wells, including some formerly used for municipal supply by the
cities of Miami, Tampa, and St. Petersburg.

The Citronelle and Pascagoula formations are important aquifers
along the coast of the Gulf States. The Citronelle has been intruded
by sea water where it is in direct contact with the water of the Pas-
cagoula River estuary; however, the saline water in the sand of the
Pascagoula formation at Biloxi probably is largely connate (Brown
and others, 1944).

The Tertiary formations of Alabama probably have uot been
affected by sea-water encroachment as a result of ground-water with-
drawal. Highly saline water occurs at depths of several thousand feet,
however, and slightly saline water is found at moderate depths in
some inland localities (table 4). In the Mobile area, Tertiary clay,
sand, and gravel underlie the alluvium and extend downward to a
depth of about 1,300 feet. A 717-foot well in the Tertiary in Mobile
County flows 175 gpm of water that has a chloride content of 1,060
ppm (table 4).

“Saline water is present in the Tertiary formations in many inland
areas in southern Georgia, Louisiana, southern Arkansas, and north-
eastern Texas. It is found in Tertiary formations in Thomas County,
Ga., at a depth of about 1,600 feet. In Louisiana highly mineralized
water occurs in the Tertiary below a depth of a few tens of feet in local
areas and below about 3,500 feet in the southeastern part of the State.
In northern Louisiana the Sparta sand occurs at depths of 1,000 feet or
less. In much of the northern part of the State, it is capable of yield-
ing large supplies of slightly to moderately saline water. Fresh-water
wells yielding as much as 2,000 gpm illustrate the potential yield of
this aquifer.

The salinity of the ground water here, as in other parts of the
Coastal Plain region, generally increases with depth, but local varia-
tions exist owing to structural features of the rocks, very highly miner-
alized water occuring at shallow depths in some areas. Ground water
from Eocene rocks below a depth of 800 feet in the El Dorado area,
Arkansas, is salty and probably is not of value either for the usual
industrial uses or for domestic uses (Baker, Hewitt, and Billingsley,
1948).
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The principal Tertiary aquifers of the Coastal Plain region in eastern
Texas are formations of the Wilcox group, Carrizo sand, Sparta sand,
Oakville-Lagarto sequence, and Goliad-Willis sequence. These forma-
tions crop out in belts roughly parallel to the coast. In the Houston-
Galveston area increased withdrawal of ground water for industrial
purposes has resulted in updip movement of saline water in these:
Tertiary formations. At great depths, and in areas where encreach-
ment has occurred because of heavy withdrawal, they are potential
sources of large quanlities of saline water. Yields of 2,000 gpm or
more are common from wells screened in the sands of these formations.

QUATERNARY FORMATIONS

Quaternary, chiefly Pleistocene, deposits crop out along the Atlantic
and Gulf Coasts from Cape Cod to southernmost Texas, and in the
Mississippi embayment they extend inland along the "Mississippi
River as far north as southern Iflinois. In the Loog Island-Cape Cod
part of the Atlantic Coastal Plain the deposits are maiunly of glacial
moraines and outwash. In the remainder of the province they consist
largely of marine and continental clastic deposits and marine limestoné’
The total thickness ranges from a featheredge at the inland margin to
several thousand feet in the Mississippi Delta region.

Saline water occurs in the Quaternary deposits where they are in
direct contact with the sea, tidal streams, or other saline water bodies.
Some of the deposits contain the remains of salty water that entered
them during Pleistocene time when the sea stood higher than ite
present level. '

In some localities, where withdrawal of water from the Quaternary
deposits has exceeded the local fresh-water recharge, sea water has’
contaminated the fresh-water part of the aquifers. Locally along the
Atlantic Coast, the Quaternary deposits are relatively thin and
generally are not developed as sources of large water supplies. In
these undeveloped nonartesian deposits the boundary between salt
water and fresh water is nearly stable, usually at or near the shorelines
of the saline water bodies.

On Long [sland the glacial outwash, which includes the aquifers of
highest yield, has been intruded by sea water in areas where heavy
pumping has produced local cones of depression in the water table.
The salt-water encroachment has been retarded, and to some extent
even reversed, in critical areas by a decrease in pumping and by the
use of recharge wells through which fresh water used for cooling is
returned to the aquifer. '

In the Baltimore industrial area Quaternary deposits are in contaet
with the brackish water of the Patapsco River estuary. They are
largely contaminated with saline water, so that they ne longer form an
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important source of fresh water supply, although they contain. con-
siderable highly permeable material (Bennett and Meyer, 1952).

Quaternary deposits are relatively thin along the coasts of New
Jersey, Maryland, Delaware, and Virginia, and, except for local sand.
and gravel beds, do not yield water readily to wells. In some localities
withdrawal of water from wells near the shore causes a rapid advance
of sea water into the aquifer. An analysis of water collected from a.
discharging well may indicate excessively high salinity, whereas after-
the well recovers from pumping, a sample from it may be much lower
in salinity. A

Most of the Atlantic Coastal Plain province of North Carolina,
South Carolina, and southeastern Georgia is covered by a thin blanket
of Quaternary sediments. Ground water in these sedimentary de-
posits is usually saline in areas immediately adjacent to the coast and
on barrier beaches and islands off the coast. The Quaternary deposits .
are generally thin and do not contain prolific aquifers except in
southern Florida, where they form a iarge part of the high-yielding
Blsca,yne aquifer (Parker, 1951). Ground-water discharge by pump-
ing and by drainage operations in the Everglades and adjacent coastal
strip has caused contamination of the Biscayne aquifer in a strip along
the coast and for several miles inland along the canals in Dade County.
However, dams in some of the canals have raised the ground—wa,ter-
level and stopped the encroachment along them. ‘

Quaternary deposits are present in a narrow band along the coast of
Alabama and Mississippi, but are much more extensive in southern
Louisiana and northward along the Mississippi River lowland.
Saline water occurs at depths of less than 100 feet in the Prairie forma-
tion of Pleistocene age in part of Franklin Parish, La., and in Recent
alluvium in part of Chicot County, Ark. In these small areas it has
been noted that a significant increase in salinity of the water accom-
panies increases in pumping for irrigation. Available records show
that properly screened wells yield as much as 3,000 gpm from these
deposits.

In the Mobile area, Alabama, wells which supply water for air
conditioning and which range in depth from 25 to 90 feet are pumped
at rates averaging 800 gpm. This pumping has resulted in local
contamination of some shallow aquifers by the intrusion of saline
water from Mobile Bay and the Mobile River.

In the coastal area of Texas the Quaternary aquifers supply mod-
erate to large quantities of water to wells, but are especially important
in the Houston-Galveston industrial area, where yields of more than
2,000 gpm are common from these beds and from later Tertiary (Plio--
cene) beds below. These aquifers crop out in a narrow belt parallel
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to the coast and dipping toward the sea. Near the coast they may be
considered as a potential source of large quantities of saline water.

In summary, ground water in the surficial Quaternary formations
of the Coastal Plain region is usually of good quality at places distant
from surface saline waters. The water in these Quaternary aquifers,
however, is highly mineralized in areas adjacent to saline surface-
water bodies and also in many inland areas where geologic conditions
have retarded flushing of connate water from the aquifers or where
these aquifers have been contaminated by disposal of oilfield brines
and industrial wastes.

EAST-CENTRAL REGION OF PALEOZOIC AND OTHER OLD
ROCKS

The East-Central region of Paleozoic and other old rocks extends
from the northeastern tip of Maine to north-central Texas and in-
cludes about one-third of the United States. The rocks of the region
are chiefly of Paleozoic age, but for the purpose of this report the
region is defined to include also the areas of Precambrian rocks in the

" New England States, northern Wisconsin, northern Minnesota, and

the Piedmont province of the Atlantic Coastal States, including a few
areas underlain by Trassic rocks. In the northern half of the region
the bedrock is covered in large areas by glacial drift, deposited by suc-
cessive ice sheets. The glacial deposits range in thickness from a
featheredge in many places to slightly more than 1,000 feet in one area
in Michigan and extend southward roughly to the Ohio and Missouri
Rivers.

The Paleozoic rocks consist chiefly of sandstone, shale, and lime-
stone or dolomite having a total thickness of many thousand feet.
Except along the eastern margin in the Appalachian Mountains, and
in a few other smaller areas, the strata are essentially horizontal, but
they dip enough to produce significant differences in the depth to a
particular formation from place to place.

Many important water-bearing formations are included in the
Paleozoic rocks. At depths of more than a few hundred feet, however,
they may yield water that is too highly mineralized to be used for
most purposes. The quality of the deeper water depends more on its
position with respect to the drainage level than on the formation in
which it is found (Meinzer, 1923, p. 204).

PRECAMBRIAN FORMATIONS

The principsal areas of Precambrian rocks are in the Lake Superior
region of Minnesota and Wisconsin, the Piedmont province of the
Atlantic Coastal States, and northeastern New York. Only in the
Piedmont province do these rocks constitute an important source of
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ground water.” Their importance as aquifers in that area is due
largely to extensive fracturing and weathering, as well as to a lack of
other good aquifers.

Saline water ordinarily is not found in the New England States
except in coastal areas where sea water has moved inland through
fracture systems in the erystalline rocks, Low-yielding wells are
predominant; however, some tapping fractured and weathered zones
yield several hundred gallons per minute.

In northern Minnesota and Wisconsin the Precambrian rocks com-
monly are overlain by glacial drift, which is the chief source of ground
water, and are not drilled into except where the glacial drift is absent
or too thin or clayey to satisfy water requirements. In Douglas
County, Wis., saline water is produced from two wells in the Lake
Superior sandstone at depths of 90 and 362 feet, and a 2,000-foot well
in Precambrian slate near Florence, Florence County, also produced
water of high mineral content. Yields of wells in these formations
probably do not exceed a few gallons per minute,

CAMBRIAN FORMATIONS

Cambrian rocks crop out at the surface in parts of New England
and in the Appalachian Valley from Pennsylvania to Alabama. To
the west they are deeply buried under younger Paleozoic rocks, reap-
pearing at the surface in extensive areas in Wisconsin and Missouri
and adjacent States. Throughout the remainder of the East-Cen-
tral region they are present at varying depths, as shown by logs of
water-supply and oil-test wells. Cambrian rocks consist predomi-
nently of beds of sandstone, some of which are important water-bear-
ing formations, but include also shale, limestone, and dolomite
(Meinzer, 1923, p. 227).

In the region of Illinois, Iowa, Minnesota, and Wisconsin the
Jordan, Franconia, Dresbach, and Mount Simon sandstone beds are
the principal water-bearing formations of Cambrian age. In Wapello
County, Iowa, a well 1,975 feet deep in Cambrian formations yields
2,500 gpm of water containing 1,240 ppm of dissolved solids. A water
sample collected from a depth of about 2,900 feet. in Ford County, Ill.,
contained 4,100 ppm of dissolved solids and 1,590 ppm of chloride
(table 5). These data illustrate the normal pattern of increasing
salinity with increasing depth from which water samples were taken
for chemical analysis, Average depths at which saline water is first
found in Cambrian formations range from less than 100 feet in parts
of Wisconsin to more than 3,000 feet in Illinois; however, highly
mineralized water in younger rocks generally is reached at depths
greater than 200 to 300 feet. ‘

In large parts of Missouri, Oklahoma, and Arkansas the Eminence
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‘and Potosi dolomites and the lower part of thé Arbuckle group yield
as much as 500 gpm to individual wells. Saline water may be reached
at depths of 300 feet or more, depending largely on the local drainage
level. Locally saline water may be found at shallower depths.

The Hickory sandstone member of the Riley formation of Cambrian
age and the Ellenburger group of Ordovician age supply moderate to
large quantities of water for municipal use in central Texas. Mod-
erately saline water is found in the Hickory at 4,400 feet in Eden,
Concho County. In the same general region the limestone of the
Ellenburger group yields saline water which has a range in dissolved-
solids content from 1,340 ppm at about 100 feet in depth in Burnet
County to 143,000 ppm in an oil-test well 9,172 feet in depth in Reagan
County (Winslow and Kister, 1956).

Cambrian formations of the Appalachian Valley from New York
southward to Alabama generally do not yield large ground-water
-supplies. It is expected that the water-yielding capacity decreases
and salinity of the water increases with depth in these formations.

ORDOVICIAN FORMATIONS

Throughout most of the East-Central Palezoic region Ordovician
formations are buried beneath younger formations, coming to or near
the surface in wide belts adjacent to the Cambrian outcrops and in
other areas where the Cambrian rocks may be entirely concealed.

The Ordovician system in the Mississippi Valley includes the St.
‘Peter sandstone, which furnishes municipal and industrial supplies
from Illinois to Iowa and Missouri and from southeastern Minnesota
to northern Arkansas. The St. Peter sandstone ranges in depth from
outcrop to about 6,000 feet, becoming more deeply buried to the west.
Yields of wells are also variable, ranging from 20-50 gpm in Missouri
to as much as 500 gpm in THinois. It is probable that a similar range
in. yield is characteristic of this tormation where it contains saline
water. To the east and west of a belt adjacent to the Mississippi
Valley, water from the St. Peter becomes more highly mineralized as
the formation reaches greater depths. Commercial brines are pro-
duced from the St. Peter sandstone in Ohio, where it has been reached
‘by wells as much as 6,000 feet in depth. Water in the St. Peter in
‘Indiana generally is saline, and not much of it is used at present.

The Shakopee and Oneota dolomites, lying beneath the St. Peter
sandstone, are widespread in Iowa, Illinois, Minnesota, and Wisconsin.
These formations, when reached at depths of more than a few hundred
feet, are capable of yielding moderate quantities of saline water.

The Ordovician strata overlying the St. Peter sandstone include the
Galena dolomite, which yields moderate to large quantities of water in
“Towa, Minnesota, Wisconsin, Michigan, and Illinois. Although other
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limestone of Middle and Late Ordovician age supplies fresh water to
shallow wells, deeper water in the formations is generally too salty for
ordinary use. Wells in these limestone formations range in depths
from very shallow to about 5,000 feet; the dissolved-solids content of
the water reaches that of commercial brine in wells several thousand
feet deep. Yields of as much as 700 gpm with only moderate draw-
downs are common from some of these formations. One well tapping
the Trenton limestone and reaching the St. Peter sandstone is reported
to flow at a rate of 3,000 gpm from the combined section.

In Oklahoma, Kansas, and Missouri, saline water is found at
moderate depths, and commonly is associated with oil and gas ac-
cumulations at great depths. In Oklahomsa the upper part of the
Arbuckle group and the Simpson group are the principal saline-water
sources. They include highty permeable beds which supply as much
as 500 gpm to wells. In Missouri the Roubidoux formation and the
Gunter sandstone member of the Van Buren formation yield from a
few gallons per minute to more than 300 zpm to wells that reach a
depth of almost 5,000 feet.

Ordovician formations are at or near the surface also in the Central
Basin of Tennessee and the Appalachian Valley from New York to
Alabama. Those of the Appalachian Valley consist more commonly
of shale and limestone of low permeability which usually are not
prolific aquifers. The Knox dolomite, of Late Cambrian and Early
Ordovician age, yields saline water in areas west of the Appalachian
Valley where it occurs at depths of several hundred feet. In some
localities in the Central Tennessee Basin, Ordovician limestones
supply small quantities of highly mineralized water from shallow to
moderate depths (Piper, 1932; Theis, 1936).

SILURIAN FORMATIONS

. “Phe Silurian.rocks of the East-Central region consist chiefly- of
limestone and dolomite which are important sources of ground water
in Iowa, Illinois, Wisconsin, Indiana, Ohio, and parts of adjacent
States. Limestones of Niagara age yield saline water where they
occur at moderate to great depths. A group of 20 wells averaging 300
feet in depth,.in limestone of Niagara age in Adams County, Ind.,
vields moderately saline water; one well 650 feet deep yields 500 gpm
of water coutaining more than 12,000 ppm of dissolved solids.

~ The Salina formation is an important source of saline water in
Michigan and Ohio and vicinity. Brine is,produced commercially
and in conjunction with oil from wells as much as 6,000 feet deep in
this formation. Highly mineralized ground water is found in the
Salina formation at depths of less than 100 feet at some localities,
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where it contains considerably less mineral matter than where it is
deeper.

In Ohio and Michigan the rocks formerly known as the Monroe
group overlie the rocks of Niagara age and form the upper part of the
Silurian system. Where the so-called Monroe lies at moderate depth
below the surface it contains slightly saline water. The rocks of
this group include the bedrock aquifers of highest yield in Ohio.

Silurian formations in other parts of the East-Central region
generally yield highly mineralized water at depths of more than a few
hundred feet, but usually they are not sufficiently permeable to supply
significant quantities. The Hunton group, in Oklahoma, and Upper
Silurian limestones of north-central Kentucky yield brine along with
oil and gas, usually from depths of more than a thousand feet. In
Pennsylvania the Clinton formation and the Cayuga group .are the
principal sources of saline water. Water from two wells in Mifflin and
Northumberland Counties, 140 and 240 feet in depth, respectively,
yield water containing about 2,100 ppm of dissolved solids (table 5).
Moderately saline water is found in these formations in much of the
Appalachian Valley province at relatively shallow depths, and brine
at greater depths. It is expected that these formations will not yield
more than a few gallons per minute to a well. The Red Mountain
formation in Alabama and Georgia is approximately equivalent
in age to the Clinton formation and Niagara group of the northern
part of the East-Central region, and is similar to them in Water-beanng
characteristics. o

DEVONIAN FORMATIONS

The Devonian system of rock formations is exposed in southern
New York, northern Pennsylvania, and the Appalachian Valley from
Pennsylvania to northern Alabama. Smaller areas of Devonian
exposures occur also in Ohio and Indiana, the northern part of the
southern peninsula of Michigan, and northeastern Iowa. The
Devonian rocks are more than 14,000 feet thick in Pennsylvania, but
they thin to the west and in much of the western part of the region
Devonian rocks are absent. These formations are chiefly limestone
and sandstone in the lower part and shale and sandstone in the upper
part. In Pennsylvania the Devonian formations eontain highly
mineralized water at depths of only a few hundred feet (Lohman,
1938). They do not constitute an important source of ground water
in the region but in some localities may yield moderate supplies.

The most important occurrences of saline water in the Devonian
formations are the brines of the Dundee limestone:in’ Michigan.
Brine production from many oilfields exceeds 2,000 barrels per day
and in some reaches as much as 34,000 barrels per day. Other
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Devonian rocks in Michigan from which brine is produced along with
petroleum are the Detroit River, Sylvania, and Traverse formations.
The Oriskany sandstone is an important gas and brine source in
West Virginia, where it occurs at depths of as much as 9,000 feet.
In Ohio also it is the principal Devonian saline-water source; it is
reached at depths of 1,300 to 5,000 feet or more below the land surface.
The Chemung and Helderberg formations, along with the Oriskany
sandstone, contain highly mineralized water in southern New York
and northern Pennsylvania. These formations usually do not yield
more than a few gallons per minute to wells. Saline water in these
rocks generally is found even at relatively shallow depths where the
water-bearing rocks are covered by younger Paleozoic formations.
Devonian formations are absent or relatively thin and of low
permeability in much of the western part of the East-Central region.
The Cedar Valley limestone in Iowa yields only small quantities of
water to wells of moderate depth. In Oklahoma the upper part of
the Hunton group furnishes brine from depths of as much as 6,400

feet.
MISSISSIPPIAN FORMATIONS

Mississippian formations are at or near the land surface throughout
much of the East-Central region from northeastern Oklahoma to
northeastern Pennsylvania, They consist largely of sandstone and
shale in Pennsylvania, where they reach a maximum thickness of
4,400 feet, but are mostly limestone in the Mississippi Valley region,
where the aggregate thickness is about 1,500 feet (Meinzer, 1923,
p. 239). From Michigan and Indiana eastward the Mississippian
rocks generally yield saline water in small quantities, though locally
the yield is larger and in places the water is fresh. In Iowa and
Missouri and parts of adjacent States, some of the Mississippian
formations yield highly saline water where they are deeply buried,
especially from the upper part of the section where brines are found
with oil and gas. In northern Oklahoma oil-test records show that
highly mineralized water is almost always present in the upper part
of the section. The remainder of the section usually contains very
little water.

The Berea sandstone is the most important fresh-water aquifer of
Mississippian age in Ohio and adjacent parts of neighboring States;
however, below depths of approximately 150 feet beneath the local
drainage level it yields highly mineralized water. Three wells ranging
in depth from 146 to 275 feet in Cuyahoga County, Ohio, are typical
of those in the Berea sandstone. These wells yield only small supplies
of ground water containing 1,060 to 1,350 ppm of dissolved solids.
Some wells are reported to yield as much as 350 gpm, but the average
is considerably less, probably on the order of 25-50 gpm.

387600—857——4
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‘The St. Louis and St. Genevieve limestone formations are the
principal aquifers of Mississippian age in the Mississippi Valley region
of Towa, Illinois, and Missouri. They are used as sources of domestic
water supply in parts of Kentucky and Tennessee also. In Illinois
the depth to these formations ranges from a few hundred to about
5,000 feet. They constitute an important source of small supplies
for many towns and villages in Illinois. In southwestern Indiana the
St. Louis limestone is usually present at shallow depths, supplying
water in small to moderate quantities. In many localities, the water
from the St. Louis limestone is saline even at shallow depths and
becomes more saline with increased depth of the formation. Water
containing several thousand parts per miilion of dissolved solids ie
reported in wells less than 100 feet deep in parts of Indiana, Kentucky,
and Tennessee.

Other Mississippian saline-water aquifers of significance are the
Mauch Chunk and Pocono formations of West Virginia and Pennsyl~
vania, Logan and Cuyahoga formations of Ohio, Marshall formation
of southern Michigan, Warsaw limestone of the Mississippi Valley
region and the southern Appalachian Valley, and Fort Payne chert of
the Appalachian Valley in Tennessee and Alabama. All yield small,
and locally larger, supplies of fresh water from shallow wells, but at
moderate depths below the local drainage level they generally yield
highly mineralized water. Brine is produced with oil and gas from
the Mauch Chunk and Pocono formations of West Virginia and
Pennsylvania, where they are present at depths ranging from outcrop

to 2,500 feet.
PENNSYLVANIAN FORMATIONS

Pennsylvanian rocks underlie the Appalachian Plateaus province
from western Pennsylvania to northern Alabama, a large area which
includes parts of Indiana, Illinois, and Kentucky, and a broad belt
extending from northern Iowa to north-central Texas. Satisfactory
water supplies are not generally available in Pennsylvanian formas-
tions, because of either poor quality or insufficient quantity (Meinzer.
1923, p. 240-241).

In Oklahoma, Kansas, Missouri, and vicinity, Pennsylvanian rocks
yield saline water at depths greater than 200 to 300 feet. Within
short distances downdip from the outerop areas, the salinity inereases
to several thousand parts per million of dissolved solids. In Oklahoma
the dissolved solids in water in these formations range from about
40,000 ppm at a depth of about 700 feet to more than 200,000 ppm
at a depth of approximately 4,000 feet. These waters are pumped
only with oil and gas and at very low rates of discharge: Among the
principal oil- and brine-bearing formations are the Elgin sandstone,
which ranges in depth from 700 to 2,100 feet, Nelagoney formation
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(Gould, 1925) from 2,300 to 4,300 feet, Coffeyville formation from
1,195 to 4,900 feet, Boggy shale from 650 to 4 000 feet, and Atoka
formatlon from 2, 100 to 3,800 feet.

The Ireland sandstone member of the Lawrence shale and the
Tonganoxie sandstone member of the Stranger formation are the chief
Pennsylvanian water-bearing formations in Kansas. Pennsylvanian
rocks are, however, generally deficient as ground—water reservoirs.
Beyond depths of a few hundred feet, water in these aquifers becomes
increasingly saline, and yields of mumclpal and industrial wells
screened in them are usually small.

In Missouri, Water-bearmg zones in the lower part of the Cherokee
shale are the prmmpal saline-water sources in Pennsylvanian rocks.
The depth to the formation ranges from outcrop to 1,600 feet. Dis-
solved solids in water from this formation range from about 2,000
ppm in a well 265 feet deep to more than 27,000 ppm at a depth of
about 700 feet in another locality. Yields of wells are very low
averaging 3 to 25 gpm.

Pennsylvanian rocks are relatively unimportant as aquifers in
Texas; however, small supplies are available locally. The principal
occurrences are in the Llano uplift of central Texas and along the
eastern margin of the Osage Plains. Dissolved solids in saline water
range from 1,030 ppm in McCulloch County to 83,600 ppm in Lam-
pasas County (Winslow and Kister, 1956).

Pennsylvanian rocks in Illinois and vicinity yield brine with oil and
gas in many oilfields and less highly mineralized water from shallow
wells. Wells in' Illinois in which brine occurs range in depth from
less than 200 feet to more than 2,000 feet, with a content of dissolved
solids as high as 55,000 ppm (Meents, Bell, Rees, and Tilburg, 1952).

In central Michigan the Saginaw formation, consisting of sandstone
and shale, locally may yield as much as 200 gpm of water having a
dissolved-solids content of about 1,400 ppm.

The Appalachian Plateaus province is underlain by Pennsylvanian
formations ranging in thickness from.3,500 in Pennsylvania to more
than 9;000 feet in Alabama. Saline water generally is found in these
rocks, at depths below local drainage level, from the base of the Potts-
ville group upward to the lower members of the Monongahela forma-
tion. Yields of shallower fresh-water wells are as high as 100 gpm,
and yields of sa.lme water of this magnitude doubtless are available

locally.
PERMIAN FORMATION: S

Permian formations underlie a broad belt in the western part of the
Fast-Central region from southern Nebraska to central Texas, and a
smaller area in southeastern Ohio and western West Virginia. In
general, water supplies from these rocks are not completely satisfactory
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for domestic and municipal use; however, they are used extensively
for irrigation in the western part of the region. The total thickness of
Permian rocks ranges from about 3,000 in Kansas to 5,000 feet or
more in Oklahoma and north-central Texas. The formations consist
largely of sandstone, shale, limestone, and gypsum beds, many of
which are highly permeable, constituting a huge reservoir of saline
water.

The principal-Permian -aquifers'in the TFexas section of the East-
Central region are the Wichita and Clear Fork groups, San Angelo
sandstone, Blaine gypsum, and Quartermaster formation. These
occur in a broad belt extending from Tom Green and Concho Counties
northward into Oklahoma. Yields of wells in these formations range
from small generally to 500 gpm from the Bullwagon dolomite member
of the Vale formation (Clear Fork group) at Anson, Jones County,
and to 1,400 gpm from the Blaine gypsum in Childress and Hardeman
Counties. Wells of shallow depth yield moderately saline water, but
at depths of several hundred feet the concentrationi'of dissolvéd solids
is more than 6,000 ppm (Winslow and Kister, 1956).

In the Permian formations of Oklahoma, saline water ranges in
dissolved-solids content from about 1,000 ppm in wells less than 100
feet deep to more than 130,000 ppm in wells 1,300 feet or more in
depth. The principal Permian watér-bearing formations are the Rush
Springs sandstone of the Whitehorse group, and the Blaine and Wel-
lington formations. Wells in the Rush Springs sandstone range from
very shallow to about 500 feet in depth, the dissolved solids in the
water reaching 6,000 ppm or more in the deeper wells. Yields of wells
in the Rush Springs sandstone range from a few gallons to several
hundred gallons per minute. A 500-foot well in Ellis County, Okla., is
reported to flow at a rate of 5,000 gpm. Wells in the Blaine gypsum
range from shallow to only a few hundred feet in depth and yield as
much as 1,350 gpm. The dissolved solids in water from this formation
range from 2,500 ppm at depths of less than 100 feet to more than 6,000
ppm at depths of 150 feet or more. Wells in the Wellington formation
range in depth from shallow to about 800 feet, yielding as much as 275
gpm of water containing 1,100 to 2,700 ppm of dissolved solids.

Southeastern Ohio, western Virginia, and adjacent parts of Pennsyl-
vania and Maryland are underlain by sandstone and shale of the
Permian Dunkard group, which reaches a maximum thickness of 1,180
feet in West Virginia. Four wells screened in aquifers of the Dunkard
group in Monongalia County, W. Va., probably represent average
ground-water conditions in the Permian rocks of this region. These
wells range in depth from 59 to 169 feet and yield from 2 to 15 gpm of
water whose dissolved-solids content ranges from 1,500 to 3,270 ppm.
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GLACIAL DRIFT

In the northern part of the region the bedrock is covered by glacial
deposits which are the principal sources of ground water in that part of
the region. These deposits consist chiefly of till, or boulder clay,
deposited by the successive Pleistocene ice sheets, alluvium (outwash)
deposited by streams isssting from the.ice;and stratified-beds laid down
in glacial'lakes. ‘Sand and gravel in the alluvium are highly permeable
and locally are capable of yielding several thousand gallons per minute
to wells.

Ground water in the glacial deposits is generally fresh but is saline
locally where it is contaminated by leakage of saline water from under-
lying bedrock formations or by disposal of oilfield brines or industrial
wastes, and in coastal areas where it is in direct contact with sea water.
‘The mineral content of water from the deposits underlying the alluvial
terraces along the Ohio River commonly exceeds 1,000 ppm but seldom
exceeds 2,000 ppm. Along the coasts of the New England States
glacial deposits overlying relatively impermeable bedrock formations
furnish most of the ground-water supply. The water is saline in.large
urban and industrial areas where heavy pumping has caused intrusion
of sea water. Such an area is the New Haven industrial area, Con-
necticut, where concentrated withdrawal of ground water had caused
local overdevelopment and some sea-water intrusion as early as 1919
(Brown, 1925). Shallow wells in the New Haven area yield as much
as 350 gpm; the yield per foot of drawdown ranges from 4 to 16 gpm.*

GREAT PLAINS REGION

The Great Plains region is an eastward-sloping plain which is about
500 miles wide at the northern boundary of the United States, tapering
to about half that width at its southern end in western Texas and
eastern New Mexico. Nearly all this region is underlain by great
thicknesses of Cretaceous and Tertiary formations consisting largely of
sand, sandstone, shale, and limestone. These are overlain in some
areas, particularly in the sandhills region of central and western
Nebraska, in the glaciated area of east-central Nebraska, and along
streams throughout the region by unconsolidated deposits of Qua-
ternary age. Paleozoic rocks underlie most of the region at consider-
able depths but are exposed in the Permian basin of New Mexico and
Texas, the Black Hills of South Dakota, and the Bighorn Mountains
area at the northwestern margin of the region. The northeastern and
extreme northern parts of the Great Plains are covered by a mantle of
glacial drift consisting of till, stream deposits, and stratified beds
deposited in glacial lakes. Most of the glacial and associated deposits

¢ Ferris, J. G., 1941, Summary on sglt-water intrusion in New Haven, Conn.; U. 8. Geol. Survey mimeo-
graphed report,
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are of lower permeability than deposits of similar origin farther east.

The Great Plains is a region in which water supply is prevailingly
deficient in quantity and low in quality. The only aquifers that are
both widespread and high in yield are the Ogallala formation and’
associated Tertiary and Quaternary deposits in the High Plains and
adjacent area. The Dakota sandstone and associated sandstones
form an aquifer that is widespread but not high in yield, though initial
heads and yields were high decades ago, and which contains saline
water in much of its extent. Other sandstone aquifers in the Great
Plains generally do not have a high yield either, and much of the water
they contain is saline. . '

PALEOZOIC FORMATIONS

Paleozoic rocks include important aquifers in the Pecos River valley -
and adjacent parts of New Mexico and Texas. They are, with a few
notable exceptions, of relatively little consequence as sources of water
elsewhere in the Great Plains. In the northern part of the region,
which includes eastern Montana and Wyoming, North Dakota, and
South Dakota, the water-bearing members of the Paleozoic formations
generally are reached only at great depths. )

Little is known of Cambrian and Ordovician formations in the
northern part of the region except for data obtained in deep oil-test
drilling. Wells reaching Ordovician rocks at depths of 5,500 to 9,100
feet in Montana frequently flow as much as 150 gpm of water con-
taining as much as 11,000 ppm of dissolved solids.

The Madison limestone, of Mississippian age, is an important water
source in South Dakota and Wyoming and is one of the most prolific
aquifers of eastern Montana. Some water wells screened in this forma-
tion are reported to yield several cubic feet per second, or more than a
thousand gallons per minute. Oil-test and other deep drilling has
resulted in substantial flows of water containing dissolved solids
ranging from about 1,000 to about 12,000 ppm. Such flowing wells
generally are completed only at depths greater than about 2,000 feet,
one having been completed at a depth of 7,200 feet.

Pennsylvanian rocks, including the Tensleep sandstone, Minnelusa
sandstone, and Amsden formation, are present at depth in much of
the northern part of the region. These rocks crop out around the
Black Hills of South Dakota and in the Bighorn Basin adjoining the .
northwest edge of the Great Plains in Wyoming. At depths of sev-
eral thousand feet water in the Tensleep sandstone is only moder-
ately saline.” This formation occurs at & depth of a few thousand
feet in Montana and Wyoming, but in some areas it is overlain by
at least 10,000 feet of younger rocks. Moderate to large supplies of-
water are obtained from the Tensleep sandstone, and free flows of
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several hundred gallons per minute are reported from some wells.
The underlying Amsden formation generally is not considered a pro-
lific aquifer, although locally substantial yields are reported. One-
well screened in the Amsden formation at a depth of 2,865 feet had
a flow of 570 gpm of water containing 3,500 ppm of dissolved solids.
The Minnelusa sandstone, which is the age equivalent of the Ten-
sleep sandstone in the Bighorn Basin, yields moderate to large quan-
tities of water in the Black Hills section to wells ranging from a few.
hundred to 1,800 feet in depth. Two wells are screened in the
Minnelusa in Meade County, S. Dak., at depths of 690 and 1,800
feet, respectively. The 690-foot well flows at the rate of 3,000 gpm,
and the 1,800-foot well is pumped at the rate of 540 gpm. The
dissolved-solids content of water from these two wells is only slightly
more than 1,000 ppm (table 6).

In southern New Mexico, particularly in the Roswell artesian
basin and Carlsbad area, and western Texas cavernous limestone of
Permian age yields large supplies of water. The Rustler and Castile
formations and the Carlsbad limestone are the uppermost significant
water-bearing formations of Permian age in southeastern New Mexico.
These are a part of what was called the Pecos formation by Fiedler
and Nye (1933) in a comprehensive study of the ground-water
resources of the Roswell basin. Water levels are generally within a
few hundred feet of the land surface, but the depths of wells in these
formations vary because of the cavernous nature of the limestone.
Beds of salt and gypsum are present, and consequently the ground
water is, as a rule, too highly mineralized to be used for domestic’
purposes. It is used for irrigation and stock, although in some
localities it may be unsuitable even for these purposes. Wells reach-
ing these formations ordinarily yield only a few gallons per minute,
but where the limestone is cavernous they are reported to yield as
much as 3,000 gpm. The Carlsbad limestone is an especially prolific
aquifer, yielding 600 to 3,000 gpm to wells whose depths range from
120 to 450 feet. The ground water in these formations ranges from
fresh to moderately saline in parts of the area, but in general it is too
saline for unrestricted use, averaging about 6,000 ppm in dissolved-
solids content.

The San Andres formation is widespread in central and southeast-
ern New Mexico. It includes the important Glorieta sandstone mem-
ber and the limestones which are the principal aquifers of the Pecos
River valley. In the Roswell artesian basin, Fiedler and Nye (1933)
called equivalent rocks the Picacho limestone. The Glorieta sand-
stone member is at relatively shallow depth in Torrance County but.
becomes more deeply buried toward the south. It may yield from
a few.gallons per minute te more than 2,000.gpm to wells of moderate.
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depth, but the water generally is too saline for use. Water from the
Glorieta sandstone member contains as much as 9,000 ppm of dis-
solved solids even at relatively shallow depths. The limestone of the
San Andres formation yields free flows of several hundred gallons per
minute to wells of moderate depth in the Roswell artesian basin.
Although the dissolved-solids content of the water may reach about
20,000 ppm locally, this aquifer is the principal source for irrigation
and municipal supplies in areas where the water is fresh to only
moderately saline. The average depth of wells obtaining water from
San Andres in the Roswell basin is probably about 700 or 800 feet.

The Yeso formation, which underlies the San Andres formation,
ordinarily is not important as a ground-water source. The depth of
wells drilled to the Yeso ranges from less than 100 feet in northern
Torrance County to more than 700 feet in the southeastern part.
Yields are generally small but may be as much as 3,000 gpm from
cavernous zones. In the Roswell basin the Nogal formation of
Fiedler and Nye is now recognized as the Yeso. The water from
this formation in and east of the artesian area of the Roswell basin
is reported to be too highly mineralized for most purposes because of
the presence of thick beds of gypsum and salt (Fiedler and Nye, 1933).

Water from the Permian formations of the Roswell basin ranges in
dissolved solids from about 400 to more than 17,000 ppm. How-
ever, most of the water contains 1,000 to 3,000 ppm of dissolved
solids. In those places where the soil is sufficiently permeable to
allow use of large volumes of water and where natural drainage is
sufficient to prevent the accumulation of harmful quantities of alkali,
use of the water does not always result in deterioration of the soil.

In the Texas part of the Trans-Pecos region the Bone Spring lime-
stone and the Rustler formation are the principal Permian ground-
water sources. The Bone Spring limestone in the Dell City area,
Hudspeth County, produces water for irrigation in quantities ranging
from 350 to 3,500 gpm. The water from this formation is slightly
to moderately saline, the water from two wells containing 1,120 and
6,040 ppm of dissolved solids from depths of 250 and 60 feet, respec-
tively. The Rustler formation yields as much as 2,500 gpm to flow-
ing wells in Pecos and Reeves Counties, although locally it may
yield only small quantities. The dissolved-solids content of the
water ranges from 1,180 to 38,700 ppm.

MESOZOIC FORMATIONS

The Dockum group of formations of Triassic age crops out in north-
castern New Mexico and west-central Texas but is buried beneath
younger formations in the High Plains of Texas. Most of the sand-
stone of these formations is fine grained and tightly cemented and
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consequently is of low permeability. Locally, however, moderate
supplies of water for irrigation are obtained from wells ranging in
depth from 115 to 315 feet. The concentration of dissolved solids in
saline water from the Dockum group ranges from 1,140 ppm at a
depth of 60 feet to 17,700 ppm at a depth of 119 feet. Generally
there is little correlation between depth of the well and the mineral
content of the water in this area.

Cretaceous formations are exposed in a wide belt along the eastern
margin of the Great Plains and are buried beneath younger rocks to
the west, reappearing at the surface throughout wide areas in Montana,
Wyoming, and Colorado. The rocks consist of sandstone, commonly
several hundred feet thick, alternating with beds of shale and limestone
which provide favorable conditions for the occurrence of artesian
water.

Throughout most of the Great Plains the basal Cretaceous formation
is the Dakota sandstone, one of the most extensive aquifers in the
United States and an important source of artesian water (Meinzer,
1923, p. 309). Many studies of ground-water conditions in the
Dakota sandstone have been made by the U. S. Geological Survey
and by State organizations in cooperation with the U. S. Geological
Survey (listed in Waring and Meinzer, 1947). Geologic maps and
maps showing the depths to the Dakota sandstone and areas of
artesian flow in the central Great Plains region were given by Darton
(1905).

The Dakota sandstone as it occurs in North Dakota, South Dakota,
and Nebraska is perhaps typical of the formation throughout the
Great Plains region. The depth to the formation ranges from outcrop
in eastern South Dakota and Nebraska to 7,000 feet or more in western
Nebraska. Ground water from the formation is used extensively for
domestic, stock, and irrigation purposes despite its relatively high
mineral content even in the outcrop area. The dissolved-solids
content of saline water from the Dakota ranges from about 1,000
ppm in shallow wells to about 5,000 ppm at depths of 1,000 to 2,000
feet. At considerably greater depths in the western parts of these
States, dissolved solids in water are as high as 40,000 ppm. Yields of
wells tapping the Dakota sandstone range from only a few gallons to
several bundred gallons per minute. In the early stages of ground-
water development, flows of several hundred gallons and even several
thousand gallons per minute and artesian heads of several hundred
-feet were reported. Most of the water, however, has been derived
from storage, and the artesian head bas reduced greatly in much of
the region. Many of the wells now have ceased to flow, and many
-others flow only & small fraction of the original yield (McGuinness,
1951). Overlying the Dakota sandstone are several hundred feet of
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‘sandstone, shale, and clay which are sources of ground water in some
aréas but which are, generally, not important water-bearing forma-
tions. The lowermost of these is the Benton shale, which is equivalent
to the Carlile shale, Greenhorn limestone, and Graneros shale'of
South Dakota, Nebraska, and Kansas. The formation includes
water-bearing zones which yield moderate water supplies locally, but
generally the yields are only a few gallons per minute. Wells in these
rocks range in depth from very shallow to several hundred feet and
supply water having a mineral content of as much as 4,000 ppm or
more.

The Niobrara formation overlies the Benton and equlvalents in
most of the Great Plains region, but it is generally a poor aquifer.
Only meager supplies of water containing as much as about 3,000
ppm of dissolved solids are available from relatively shallow wells.

Overlying the Niobrara formation in the northern half of the Great
Plains is the Pierre or Colorado shale, which is equivalent to the
Bearpaw shale, Judith River formation, Claggett shale, and Eagle
sandstone of eastern Montana and Wyoming. With the exception
‘of the Judith River formation and the Eagle sandstone in Montana
and Wyoming, these rocks are unimportant as water-bearing forma-
tions, yielding only .meager supplies of moderately  saline water.
The Judith River and Eagle formations, however, are important
aquifers in Montana and Wyoming, yielding as much as 100 gpm
locally to wells ranging in depth from shallow to about 1,100 feét.
The water generally is only moderately saline, ranging in dlssolved
solids from slightly more than 1,000 ppm at shallow depths to about
4,000 ppm at greater depths.

The Fox Hills sandstone and the overlying Lance formation are the
uppermost Cretaceous water-bearing foimations, and are important
sources of ground water in Montana, Wyoming, North Dakota, and
South Dakota. Wells in both these formations yield water at low
rates, 100 gpm being exceptional. Wells range in depth from less
than 100 to more than 1,100 feet and yield water whose dissolved
solids content approaches 5,000 ppm at relatively shallow depths.

TERTIARY FORMATIONS

The greater part of the Great Plains region is covered by Tertlary
sediments which include several widespread and high-yielding aquifers.
The lowermost of these is the Fort Union formation, which is especially
important as a ground-water source in eastern Montana and Wyoming
and western North Dakota. In eastern Montana it supplies water to
more wells than any other bedrock formation; however, it yields only
small supplies for domestic and stock use. Wells of shallow to
moderate depth yield slightly saline water in which dissolved. solids
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are usually less than 3,000 ppm. The Wasatch formation, overlying
the Fort Union, includes sandstone which supplies water at rates as
high as 100 gpm to wells a few hundred feet deep in northeastern
Wyoming. At moderate depths the water has a concentration of
more than 5,000 ppm of dissolved solids. The next highest formation
is the White River formation (White River group, divided into the
Brule clay above and Chadron formation below, in parts of Colorado,
Wyoming, South Dakota, and Nebraska). The White River is only
locally important as a ground-water source, yielding only meager
supplies of water containing as much as 3,000 ppm of dissolved solids.
In places, bowever, the Brule contains large fra,ctures and is a prolific
aquifer.

The principal Tertiary water-bearing formation of the Great Plains
.18 the Ogallala formation, which covers much of the region from south-
ern South Dakota to West-central Texas and east-central New Mexico.
It is by far the most important aquifer in the High Plains region of
northern Texas, western Oklahoma, and eastern New Mexico, where
it is the major source of water supplies for all uses. Yields of several
hundred gallons per minute are obtained from sand and gravel of the
Ogallala at shallow to moderate depths, and yields of 1,500 gpm are
not uricommon. Analyses of water samples from several localities
indicate a mineral content of as much as approximately 2,000 ppm.
The Ogallala is underlain in the High Plains by Permian, Triassic,
and Cretaceous formations which contain highly mineralized water.
Upward leakage of water from these older rocks may have resulted
in some local contamination of water-bearing zones of the Ogallala
formation. Some occurrences of saline water in the Ogallala forma-
tion may be the result of local drawdown of the fresh-water head of
the aquifer and also concentration of residual salts by evaporatlon
from playa lakes.

QUATERNARY ALLUVIUM AND GLACIAL DRIFT

~ Glacial .drift covers a large area in the northern and northeastern
parts of the Great Plains region and constitutes one of the major
ground-water sources northeast of the Missouri River. Except for
local gravel lenses the glacial deposits are generally of low permeability
and will yield only small to moderate quantities of water to wells.
Locally these deposits yield water containing as much as 7,000 ppm
of dissolved solids at depths of a few hundred feet.

Unconsolidated sediments of Quaternary age are found along major
streams and as & thin mantle overlying the older formations, notably
in the sandhills and elsewhere in central Nebraska. In all the States
of the Great Plains region they are important ground-water sources
except where the water is highly mineralized. The mineral content of
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the ground water ranges from low concentrations in various places to
about 6,000 ppm in parts of South Dakota. Relatively shallow
irrigation wells in Quaternary alluvium in the Pecos River valley in the
Roswell basin, New Mexico, yield large quantities of water having
mineral concentrations of several thousand parts per million (Fiedler
and Nye, 1933). Shallow wells in alluvium in eastern Colorado yield
as much as 1,200 gpm of water having mineral content ranging from
1,100 to 2,800 ppm.

WESTERN MOUNTAIN REGION

The Western Mountain region, occupying the western third of the
United States, is one of diverse climatic, topographic, and geologic
conditions. It includes the Rocky Mountain and Pacific Mountain
systems, separated by the broad expanse of the Columbia and Colorado
Plateaus and the Basin and Range province.

The Rocky Mountain System, divided into three provinces by -
extensions of adjacent plateaus and basins, is a region of high and
rugged mountains underlain largely by crystalline rocks of Proterozoic
age but locally by sedimentary beds of Tertiary age.

The Colorado Plateaus province, extending from central Arizona
and New Mexico to southern Montana, is for the most part an arid to
‘semiarid plateau region in which water supplies are scarce and locally
saliné. It is underlain by sedimentary formations ranging in age from
Paleozoic to Tertiary which are sufficiently deformed to cause large
differences in ground-water conditions from place to place.

The Basin and Range province extends from southeastern Oregon
across Nevada, southern California, Arizona, and New Mexico into
the southwestern part of Texas. It is characterized by isolated
mountain ranges and broad intervening valleys partly filled with
alluvium of Tertiary and Quaternary age. Older consolidated sedi-
mentary rocks and Tertiary volcanic rocks make up the mountain
ranges and ‘are deeply buried beneath the valley fill. The older rocks
are not an important source of ground water except locally, but the
.unconsolidated alluvium furnishes water supplies of widely ranging
quality and quantity.

The Columbia Plateaus province occupies eastern Washington and
Oregon, southwestern Idaho, and small parts of northern Nevada
and Utah. Itis characterized by widespread Tertiary and Quaternary
lava flows and interbedded Tertiary sedimentary rocks, most of which
yield abundant supplies of ground water.

The broad belt of high mountains and intermontane valleys border-
ing the Pacific coast and extending eastward to the east face of the
Sierra Nevada and the Cascades is called the Pacific Mountain System
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by Fenneman (1931). It is a region of considerable range in chma,te,
topography, geology, and adequacy of water supply. ‘

PALEOZOIC FORMATIONS

Paloeozoic rocks in the Western Mountain region oeeur in a large
area in the Colorado Plateaus of northern Arizona and southeastern
Utah and in many of the isolated mountain ranges of the Great Basin.
Elsewhere in this region they are deeply buried beneath younger

.sedimentary and volcanic.recks.

Except for a few formations, such as the Coconino sandstone of the
Colorado Plateau, Paleozoic rocks are relatively unimportant as
ground-water sources, owing to their low permeability. They
generally are tapped for water supplies only in areas where more
prolific sources are absent. Locally, however, large springs originate
in cavernous limestone, faulted zones, or outcrop belts where water is
forced to the surface by confining beds of less permeable material.
Springs ﬁowing several cubic feet per second issue from Paleozoic
limestone in southern Idaho, eastern Nevada, and several localities
in Arizona. Saline water containing more than 5,000 ppm of dissolved
solids is found in Paleozoic limestone in southern Idaho and adjacent
parts of Utah (table 7).

The Mississippian Redwall limestone is the source of spring flow at
Blue Spring totaling 193 cfs in the canyon of the Little Colorado River
a few miles upstream from its confluence with the Colorado River
in northcentral Arizona. Water from Blue Spring (table 7), which
yields about half the total spring flow here (92 cfs), may be considered
representative in terms of its chemical quality. It contains 2,340
ppm of dissolved solids; water from other springs in the same vicinity
contains as much as 4,000 ppm. The percent sodium is as much as 76
in some of the spring waters. Ground-water conditions in the
Mississippian Madison limestone and the Pennsylvanian Tensleep
and Amsden formations have been discussed in connection with their
oceurrence in the Black Hills area of the Great Plains region. These
formations are ground-water sources in the Bighorn and Wind River
basins of Wyoming also.

The principal occurrence of Permian rocks in the Western Mountain
region, and the only area where they are utilized extensively as ground-
water sources, is in the Colorado Plateau of northern Arizona and
southeastern Utah. The Coconino sandstone is the chief Permian
water-bearing formation of this region, yielding several hundred
gallons per minute to wells in some localities. An equivalent formation
is an important aquifer in New Mexico, where it is known as the
Glorieta sandstone member of the San Andres formation. Municipal
wells in the Coconino sandstone supplying Joseph City and Holbrook,
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Ariz., yield several hundred gallons per minute with only a few feet.
of drawdown Below the depth at which these municipal wells are.
screened, however, the water becomes increasingly highly mineralized.
Specific examples of the relationship of depth to concentration of
dissolved solids at one place are: 1,890 ppm at 500 feet, 12,000 ppm at
900 feet, and about 18,000 ppm at 1,800 feet. In the vicinity of
Holbrook, Ariz., however, the dissolved solids in water from 24 wells’
averaged only 588 ppm (Harrell and Eckel, 1939).

Permian rocks of the Colorado Plateaus in northwestern New-
Mezxico and western Colorado are deeply buried beneath sediments of
Cretaceous and Tertiary age. At the depths at which they occur in
this region the water undoubtedly is too highly mineralized for ordinary

use.
MESOZOIC FORMATIONS

Triassic, Jurassic, and Cretaceous sedimentary rocks cover large
areas in the southern part of the Colorado Plateaus and along the
coast of northern California, and make up many of the mountain
ranges of western Nevada. They do not contain significant water-
bearing formations in either area; however, in the Colorado Plateaus
they furnish meager water supphes in some places Where other sources
are lacking.

The Moenkopi formation of Triassic age and the Nava]o sandstone
of Jurassic age underlie mueh of the Colorado Plateaus in Arizona
and Utah. The Moenkopi formation yields water containing about
3,500 ppm of dissolved solids to wells less than 300 feet deep, and, in
the Holbrook area, Arizona, the average concentration of dissolved
solids in water from 6 wells is 2,487 ppm (Harrell and Eckel, 1939).
Yields from wells in the Moenkopi formation generally are rather low.
The Navajo sandstone yields water containing as much as 2,800 ppm
to wells ranging in depth from less than 200 to more than 800 feet.
Wells in the Navajo sandstone in some localities, as at Tuba City,
Ariz., flow as much as 50 gpm.

Cretaceous formations of the Western Mountain region that are
significant saline-water sources are the Dakota sandstone and the
Mesaverde formation. They occur in large areas of northwestern
New Mexico, northeastern Arizona, western Colorado, eastern Utah,
and southern Wyoming. In general, these formations may be
expected to yield only small to moderate supplies of glightly saline
ground water. -

TERTIARY FORMATIONS
Water-bearing formations of Tertiary age are widespread in the

Western Mountain region. Their principal occurrence, with respect
to significant water supplies, is in the Columbia Plateaus of eastern
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Washington and Oregon and adjacent States and as valley fill in the
desert basins. In the Columbia Plateaus they consist of lava flows and
interbedded sedimentary rocks 'in which artesian conditions exist
locally. Water having a concentration of dissolved solids of as much-
as 3,500 ppm occurs at depths ranging from less than 200 to more than-
1;300 feet. .- One oil-test well drilled near Lakeview in south-central
Oregon produced a flow of 300 gpm from a depth of 1,200 feet. The
water contained only 1,450 ppm of dissolved solids. Another oil-test
well drilled near Portland, Oreg., yielded water containing more than
68,000 ppm from a depth of more than 9,000 feet.

Many of the closed basins of the Basin and Range province are.
underlain by unconsolidated to semiconsolidated sedimentary rocks of
Tertiary age. They are commonly of low permeability, and, although
moderate to large supplies can be derived from them in some basins, on
the whole they are of less importance than the overlying Quaternary
glluvium. )

.- Along the coast of Washington and Oregon and the southern half of
California, Tertiary sedimentary strate have a total thickness of
several thousand feet. In the Long Beach-Santa Ana area of southern
California, permeable zones in Tertiary. formations contain brine of
connate origin, effectively confined by essentially impermeable beds
under natural conditions. The confining beds have been tapped by
thousands of oil wells, however, and artificial conduits between fresh-
water and connate-water zones have been created, thus forming a
potential source of contamination (Piper, 1953). Tertiary formations
of coastal Washington and Oregon are capable of yielding several
hundred gallons per minute of moderately saline water.

- Much of the Colorade Plateaus in Wyoming, Utah, Colorado, and
northwestern New Mexico is underlain by Tertiary sedimentary rocks
of :the Wasatch and Wind River formations. Small to moderate
quantities of water may be obtained locally at shallow depths; however,
typical samples of water collected from depths of only a few hundred
feet'in western Wyoming contain about 5,000 ppm of dissolved solids.

QUATERNARY ALLUVIUM

- Quaternary deposits are more widespread and by far more important

with respect to water supply than any other group of formations in the
Western Mountain region. Valley fill underlies perhaps half the
entire Basin and Range Province, which extends from Nevada and
western . Utah across southern California, Arizona, and New Mexico
into the Trans-Pecos region of western Texas. It also underlies the.
Great Central Valley of California (Sacramento and San Joaquin
River valleys), most of the coastal basins in California, and many
valleys in the Rocky Mountain region, .
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In a closed basin, typical of many of those found in the region,
ground water moves by slow percolation through the alluvium from
the base of the surrounding mountains to a central lowland or playa
where it is returned to the atmosphere by evaporation and trans-
piration. In such discharge areas the dissolved solids become greatly
concentrated, commonly reaching many thousand parts per million.
The shallow sediments underlying playa areas of closed basins are, in
general, very fine grained and do not yield water readily to wells;
however, in western Utah, wells, some as deep as about 1,000 feet,
but mostly only a few hundred feet deep, yield as much as 1,000 gpm:
of water in which dissolved solids reach 8,000 ppm or more. The
San Luis Valley of south-central Colarado is a large basin, of which a
part has interior drainage, underlain by Quaternary alluvium which
is capable of yielding large quantities of water to properly constructed
wells. Asin other closed basins, ground water is not highly mineralized
along the margins of the “sump” area of the San Luis Valley, but it
becomes progressively more saline toward the discharge area. Yield
of 3,000 gpm are common from wells of shallow to moderate depths,
and yields of as much as 4,400 gpm are obtained from deeper artesian
wells. A large area exists in this basin in which the ground water
near the land surface contains more than 1,000 ppm of dissolved
solids and has a percent sodium of more than 60. :

In the Great Central Valley of California, which consists of the
Sacramento and San Joaquin River valleys, saline water occurs in a
wide belt extending from south of Bakersfield to the delta region near
Stockton. In the Sacramento Valley it occurs at shallow depths in
an area of about 75 square miles in the southern part of Sutter County.
In both areas water containing 2,000 to 3,000 ppm of dissolved solids
is obtained from wells yielding as much as 1,500 gpm; the water is
used extensively for irrigation. The alluvium in other, smaller coastal
basins also contains saline water under natural conditions, in addition
to that which has intruded the formations through leakage from
underlying Tertiary formations. Local overpumping also has resulted
in the encroachment of sea water in some areas near the coast.

Large areas of Quaternary alluvium occur in the valleys of the
Colorado River and its tributaries in southern Arizona, and the Rio
Grande of New Mexico and western Texas. In Arizona abundant
water supplies are obtained from the alluvium along the Gila River
and its tributaries, the Salt, Santa Cruz, and San Pedro Rivers. In
the upper Gila River basin near Safford, wells of shallow to moderate
depth yield as much as 1,100 gpm of water containing as much as
8,000 ppm of dissolved solids. Much of the mineralization has
occurred as a result of recharge of the shallow ground-water reservoir
by surface wat® from irrigated fields, irrigation canals, and seepage
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from underlying Tertiary formations. In other parts of the Gila
River valley wells yield as much as 3,800 gpm. Most of the water
is saline; however, it is used extensively for irrigation in areas where
soil drainage is good. 'Concentrations of dissolved solids are as high
a8 6,900 ppm in the.lower Gila River basin. Saline ground water of
the San Pedro and ‘Santa Cruz basins also is used successfully for
irrigation. Dissolved solids range from 1,000 to 9,000 ppm ‘in the
upper San Pedro basin and from 1,000 to 4 500 ppm in the Santa Cruz
basin. ,Well yields range from moderate to more than 3,000 gpm.

Alluvium in the valley of the Rio Grande in Socorro, Sierra, and
Dona Ana Counties, N. Mex., yields as much-as 2,000 gpm of moder-
ately saline water. At San Acacia, where the Rio Salado joins the
Rio Grande, the ground water of the Rio Grande Valley is contami-
nated by saline water that moves into the area from the alluvium of
the Rio Salado. Analyses of shallow ground-water samples from a
series of about 250 hand-bored test wells in the Rio Grande Valley
near El Paso, Tex., show concentrations of dissolved solids ranging
from slightly less than 1,000 ppm to 28,000 ppm (Sayre and Livingston
1945). The average dissolved-solids content of the shallow water is
probably about 2,000 to 3,000 ppm. Most of the wells in the El
Paso area are of moderate depth, and they yield, on the average,
several hundred gallons per minute; however, yields of more than
1,500 gpm are common. One well 304 feet in depth yielded 3,000
gpm from the alluvium. In the lower Rio Grande Valley in Texas,
large quantities of saline water are pumped from irrigation wells
tapping the alluvium. Yields as high as about 2,000 gpm have been
reported.

SUMMARY OF SALINE GROUND WATER, BY PROVINCES
ATLANTIC AND GULF COASTAL PLAIN REGION

The Atlantic and Gulf Coastal Plain region is underlain by Creta-~
ceous, Tertiary, and Quaternary formations which include some of
the fresh-water aquifers with the bighest yield in the United States,
many of which contain large quantities of saline water some distance
downdip from their outcrop areas and where they are in contact with
saline surface-water bodies. Saline water is available at moderate
depths and in moderate to large quantities in all parts of Louisiana
and Florida, and in large parts of Alabama, Mississippi, Arkansas,
and Texas. Some saline water in the Atlantic part of the Coastal
Plain region is in areas where heavy ground-water pumping has
caused encroachment of sea water into the water-bearing formations.

387600—57——5
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Northeastern Drift province.—In the Northeastern Drift province
the bedrock consists of crystalline rocks of low permeability, overlain
by glacial deposits which furnish most of the larger ground—water
supplies. Little or no saline water is present except in heavily
pumped coastal areas where sea-water encroachment has occurred
as in the New Haven industrial area, Connecticut.

Piedmont province.—Little saline water is present in the Piedmont
province. An occasional deep well taps a zone in which the water is
saline owing to lack of fresh-water circulation.

Blue Ridge-Appalachian Valley province.—Only small quantities of
saline water are obtained from the Paleozoic sandstone, limestone,
and dolomite which underlie the province. The salinity of ground
water increases with depth.

South-Ceniral Paleozoic province.—Paleozoic sandstone, llmestone,
and dolomite furnish small to moderate quantities of saline water.
The concentration of dissolved solids increases with the depth of
burial of the aquifer. In much of the provmce saline water occurs
with oil and gas. Shghtly saline water is used for domestic supply
in much of the province, and also for municipal use in places where
surface water is inadequate or too expensive to treat.

North-Central Drift-Paleozoic province—Water from Paleozoic
formations at depths of more than a few hundred feet is generally
slightly to moderately saline; bowever, some is used for municipal
supply in parts of the area.

Wisconsin Paleozoic province.—Most of the ground-water supplies
are obtained from Paleozoic sandstone and limestone. The water is
generally fresh at shallow to moderate depths, but the salinity in-
creases with depth of the aquifers.

Superior Drift-Crystalline province.—Glacial deposits in the western
and northwestern parts of the province contain slightly saline water.
The crystalline rocks underlying the glacial material yiéld only
meager supplies.

GREAT PLAINS REGION

Dakota Drift-Cretaceous province.—The glacial drift in this province
yields small amounts of ground water that ranges from fresh to
saline. The principal aquifer is the Dakota sandstone, which under-
lies the entire province and yields large quantities of slightly to very
saline water. Slightly saline water is used extensively for municipal,
irrigation, and domestic supply.

Black Hills Cretaceous province.—This province is underlain largely
by Cretaceous shale, which yields only meager supplies, and the
Dakota sandstone, which yields saline water. In the Black Hills
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area, Paleozoic formations yield fairly large amounts of slightly
saline water.

Great Plains Pliocene-Cretaceous province.—Saline ground water m
this province is obtained locally from the Ogallala formation, which
yields fresh- water in most areas. The Dakota sandstone underlies
the Ogallala throughout the province and almost everywhere y1e1d$
saline water.

Great Plains Pliocene-Paleozoic provinee.—This provmce mcludes
most of the High Plains of New Mexico, Texas, and Oklahoma.
Large quantities of water ranging from fresh to moderately saline are
obtained from the Ogallala formation. Locally the water has become
more highly mineralized because of heavy pumping and consequent
encroachment of saline water from the underlying Permian formations,

Trans-Pecos Paleozoic province.—Large quantities of moderately
saline ground water are available from Permian and Triassic. forma-
tions. Permian limestone supplies large amounts for irrigation in the
Roswell artesian basin of southeastern New Mexico. Ground water
containing as much as 4,000 ppm of dissolved solids is used extensively
for irrigation in much of the province.

Northwestern Drift-Eocene-Cretaceous province—The Eocene and
Upper Cretaceous formations that underlie the province genera.lly
yield only meager supplies of water. These formations and Quater-
nary deposits, including glacial drift, yield saline water in somelocalities.

Montana Eocene-Cretaceous proan'nce.—*Water-bearing formations
yield only small supplies to wells in this provmce Eocene and Upper
Cretaceous formations yield saline water in small quantities at
moderate depths.

Montana-Arizona Plateaw province (Great Plains region) —Thls
province is a northern extension of the Montana-Arizona Plateau
province of the Western Mountain region. It is underlain largely by
Cretaceous shale which yields only meager supplies of ground water,
generally saline.

WESTERN MOUNTAIN REGION

Southern Rocky Mountain province.—Little or no saline water is
present in this province. It is underlain by crystalline rocks which
yield smail quantities of fresh water to wells and springs.

Montana-Arizona Plateaw province (Western Mountain region).—
This is generally a region of deficient ground-water supply. Slightly
saline water is present in all the formations at moderate depths. The
Coconino sandstone is the principal water-bearing formation in thé
southern half of the province. It yields fresh water in some areas;
elsewhere it contains saline water at moderate depth.
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Northern Rocky Mountain province.—This province is underlain by
crystalline rocks which yield only small supplies of fresh water.
Alluvial sand and gravel in some places also supply moderate quanti-
ties. Little or no saline water is present.

COolumbia Plateau lava province—Relatively little saline water is
present in this province except at great depths. Large yields of
fresh water are reported for wells screened in Tertiary volcanic rocks.

Southwestern Bolson province.—The principal sources of ground
water are the alluvial sand and gravel deposits in closed basins and
along major streams. Saline water is available in large quantities
from alluvium along streams and deeper alluvium in parts of many
basins. Only small yields of saline water may be expected from the
central areas of closed basins, however, because of the low permeability
of the playa deposist. Saline water is used extensively for irrigation
in the southern part of the province. _

Pacific Mountain province.—The Pacific Mountain province in-
cludes the Sierra Nevada and Cascade Mountains and the Coast
Ranges of California, Oregon, and Washington. Large quantities of
potable ground water are obtained from glacial drift and alluvium in
intermontane valleys. In some coastal areas where ground-water
withdrawal by pumping is extensive, encroachment of sea water or
‘connate saline water has occurred.
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