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SUMMARY APPRAISALS OF THE NATION’S GROUND-WATER RESOURCES—
TEXAS-GULF REGION

By E. T. BAKER, JR., and JAMES R. WALL

ABSTRACT

Ground water in the Texas-Gulf Region is a large and
important resource that can provide a more significant per-
centage of the total water supply of the region. Total water
requirements within the region are projected to rise sharply
from 14 million acre-feet (17 cubic kilometres) in 1970 to
nearly 26 million acre-feet (32 cubic kilometres) in 2020.
About half of the water used in 1970 was ground water.

An estimated total of 1.04 billion acre-feet (1,280 cubic
kilometres) of recoverable water containing less than 3,000
milligrams per litre dissolved solids is stored above a depth
of 400 feet (122 metres) in the aquifers of the region. In
addition, part of an estimated 38.28 billion acre-feet (4,040
cubic kilometres) of water in storage below 400 feet (122
metres) is recoverable. Although not all of the ground water
in storage is recoverable, a significant amount is available for
development; and an enormous quantity is accessible should
occasions prompt its use on a time-limited basis.

The total steady-state yield (amount of water that approxi-
mates the maximum perennial replenishment from precipita-
tion) of the region’s aquifers is about 4.6 million acre-feet
(5.7 cubic kilometres) annually, or about 2.3 times the
ground-water usage in 1970 if the large mining draft on the
High Plains is not considered as part of the total steady-state
yield. Because of the large quantity of recoverable ground-
water in storage, the steady-state yield can be augmented for
a very long time on a ‘“deferred” basis, whereby the economic
use of the water that is withdrawn from storage in excess of
the steady-state yield may result in a strengthened economy.

An important goal in programs for meeting future water
needs should be to identify the full potential of the available
ground-water resources. The subsurface reservoirs may be
utilized not only as sources of fresh and treatable water, but
as storage facilities for other freshwater supplies and as
possible sources of geothermal energy. Some saline-water reser-
voirs may be suitable for liquid-waste storage or disposal.

Large-scale and unregulated ground-water pumping may re-
sult in hydrologic problems such as declining water levels,
streamflow depletion, and land-surface subsidence; but studies
on proper development of the ground-water reservoirs could
provide solutions to many of the problems. Water rights and
other legal concepts should be based on sound hydrologic prin-
ciples to assist development of water rescurces in an orderly
and efficient manner.

Because significant amounts of ground water are available,
the opportunities for expanded and conjunctive use of ground
water and surface water should be considered in regional plans

for water development and conservation. The complexities of
water management and the difficulties of achieving an inte-
grated system of total-water management will require addi-
tional technical information.

INTRODUCTION

PURPOSE OF THIS REPORT

The purpose of this report is to provide informa-
tion on the importance of subsurface reservoirs in
water-development and conservation plans in the
Texas-Gulf Region (fig. 1). The report emphasizes
the desirability of considering the ground-water and
surface-water subsystems as closely related and
equal parts of the water-supply system as a whole.

Most regional water-development plans are based
on the use of surface water, which is highly visible
and easily obtained, and for which legal procedures
for allocation and management have been estab-
lished for many years. The total water supply of a
region, however, is contained in a complex system,
and ground water in the Texas-Gulf Region is a
large and important resource that could provide a
greater percentage of the water used. The subsur-
face reservoirs may be utilized as sources of fresh
and treatable water, as possible storage facilities
for other freshwater supplies, and as possible
sources of geothermal energy. Some saline aquifers
may be suitable for storage of liquid waste.

Large-scale and unregulated ground-water pump-
ing may result in hydrologic problems such as de-
clining water levels, streamflow depletion, and land-
surface subsidence. However, because significant
amounts of water are available, the opportunities for
expanded and conjunctive use of the ground-water
resources should be considered in regional plans for
water development and conservation.

The complexities of total water management and
the difficulties of achieving a workable system are
understandably numerous. Although a discussion of
these complexities and difficulties is beyond the scope
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FI1GURE 1.—Index map showing location of the Texas-Gulf Region.

of this report, such constraints affecting total water
management should not be viewed as insurmount-
able barriers to future achievement. Nevertheless,
efforts to accomplish an integrated system of
ground- and surface-water management will require
extensive technical and economic feasibility studies.

GEOGRAPHIC SETTING OF THE TEXAS-GULF REGION

The Texas-Gulf Region comprises an area of
173,000 mi* (448,000 km?) in Texas, New Mexico,
and Louisiana. About 95 percent of the area is in
Texas. The region includes 10 major river basins
and 8 intervening coastal basins (Texas Water De-
velopment Board, 1968) within the physiographic

provinces of the Great Plains, the Central Lowland,
and the Coastal Plain (pl. 1A).

The climate of the Texas-Gulf Region is marked
by extremes in precipitation and evaporation—
climatic elements that to a large degree determine
the availability of both ground water and surface
water. Average annual precipitation ranges from
slightly more than 56 in (1,420 mm) in extreme
southeastern Texas and southwestern Louisiana to
slightly less than 16 in (410 mm) on the High Plains
of New Mexico (pl.1B).

Average annual net water-surface evaporation
(effective evaporation loss obtained as total evapora-
tion minus precipitation) ranges from zero in
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Louisiana, where precipitation completely offsets
total evaporation, to between 60 and 80 in. (152-203
cm) in west Texas and New Mexico (pl. 1B).

Streamflow, which is influenced primarily by pre-
cipitation, varies considerably. The average annual
streamflow is about 30 million ac-ft (87 km?®), about
two-thirds of which originates in the eastern one-
fourth of the region. During a wet year (1941),
total runoff was about 65 million ac-ft (80 km?).
During a dry year (1956), total runoff was only
about '8 million ac-ft (10 km?). Low flow of the
streams, however, is controlled to a large degree by
ground-water outflow, which tends to stabilize
streamflow during periods of little or no runoff.

The economy of the Texas-Gulf Region is in a
period of transition and rapid expansion marked
by increasing population, urbanization, and indus-
trialization. The economy has evolved from a largely
noncommercial base through periods dominated first
by commercialization of agriculture and later by de-
velopment of mineral resources, principally oil and
gas. Agriculture, though proportionately a smaller
part of the economy than previously, continues to
contribute a large share of the region’s total income.

Increased opportunities for industrial employ-
ment, coupled with decreased personnel require-
ments in agriculture, has radically shifted the dis-
tribution of the population. Just prior to World
War II, about half the population of the Texas-Gulf
Region was in urban areas. During the next 30
years, the population shifted so strongly to urban
areas that about four-fifths of the 1970 population
of 9.7 million was urban. About one-third of the total

population in 1970 was in the four largest cities—
Houston, Dallas, San Antonio, and Fort Worth.

The concentrations of the population along the in-
terior and coastal margins of the Coastal Plains, to-
gether with projections of large increases in the
populations of these areas, are particularly signifi-
cant aspects of the problems of water and related
land-resource planning.

METRIC CONVERSIONS

For those readers interested in using the metric
system, metric equivalents of English units of meas-
urements are given in parentheses. The English
units used in this report may be converted to metric
units by the conversion factors given in table 1.

THE CHALLENGE OF MEETING FUTURE
WATER REQUIREMENTS

The demands for water in the Texas-Gulf Region
have increased rapidly over the past several decades
and are expected to increase more rapidly in the
future. By 2020, the population of the region is
projected to be 22 million, a 125-percent increase
over 1970 (Texas Water Development Board, writ-
ten commun., 1974). The effects of the population
growth upon demands for water will be intensified
by urbanization and by industrial and agricultural
expansion. The total-water requirements projected
to 2020 for municipal supply, industrial use, and ir-
rigation will rise sharply from 14 million ac-ft (17
km?) in 1970 to nearly 26 million ac-ft (32 km?)
in 2020 (fig. 2). The needs for irrigation are pro-

TABLE 1.—F'actors for conversion from English to metric units used in this report

From

To obtain
Unit Abbreviation Multiply by Unit Abbreviation

acres ac 4,047 square metres m?
0.004047 square kilometres km?

acre-feet ac-ft 1,233 cubic metres m®
.000001233 cubic kilometres km®

barrels bbl 159 cubic metres m?
.000159 cubic kilometres km?

cubic feet fte .02832 cubic metres m?
feet ft .3048 metres m
gallons .003785 cubic metres m®
3.785x 107 cubic kilometres km?

gallons per minute gal/min .06309 litres per second 1/s
inches in 2.540 centimetres cm
25.4 millimetres mm

miles mi 1.609 kilometres km

pounds per square inch 1b/in? .07031 kilograms per kg/cm?
square centimetre
square miles mi® 2.59 square kilometres km?
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FIGURE 2.—Regional water use for municipal supply, industry, and irrigation in 1970 and requirements projected to 2020.

jected to increase by more than 100 percent. The
needs for municipal and industrial supplies are pro-
jected to increase by nearly 50 percent (Texas Water
Development Board, 1968; and written commun.,
1974). All projections are necessarily preliminary,
and are subject to revision as additional data become
available.

The economic development of some areas of the
Texas-Gulf Region may be curtailed by water-supply
deficiencies, while elsewhere in the region, large
amounts of good-quality water may be surplus to
projected needs (pl. 2A). By far the bulk of the
total water supply occurs in the eastern part of the
region, where projected increases in water require-
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ments are in most places moderate. In contrast, fu-
ture requirements for water are very large in the
western part of the region, where the available sup-
plies are inadequate to meet the demands.

A projected decrease in total ground-water usage
is attributed to a reduction in the availability of
ground water for irrigation on the High Plains,
where the reserves will largely be depleted by 2020.
Ground-water requirements are projected to be 3.4
million ac-ft (4.2 km3) in 2020, or about half of the
1970 ground-water usage of 6.8 million ac-ft (8.4
km?). Of the 6.8 million ac-ft, 83 percent was used
for irrigation, seven-eighths of which was used for
irrigation on the High Plains. Ground-water de-
mands for municipal supply and industrial use are
projected to increase by nearly 50 percent from al-
most 1.2 million ac-ft (1.5 km?) in 1970 to 1.7 million
ac-ft (2.1 km?) in 2020 (Texas Water Development

Board, 1968; and written commun., 1974).

Surface-water use is projected to triple from 7.3
million ac-ft (9.0 km?3) in 1970 to 22.3 million ac-ft
(27.5 km?®) in 2020. Although municipal and indus-
trial use of surface water will increase by about one-
third from 1970 to 2020, irrigation use will increase
10-fold by the end of this 50-year span. Most of this
increase for irrigation will be required on the High
Plains to replace the projected depletion of the
ground-water supply (Texas Water Development
Board, 1968; and written commun., 1974). Because
of the geographic pattern of projected surpluses and
deficiencies, planning and development should be
carried out on a regional basis, and all sources of
water should be utilized in the most beneficial way.
Although the region will require about 26 million
ac-ft (32 km?) of water per year by 2020 for munici-
pal supply, industrial use, and irrigation, the re-
gional supply is ample for these uses, although other
needs, such as freshwater inflow to the estuaries,
impose an added strain on the supply.

The average annual discharge of surface water to
the Gulf of Mexico is 30 million ac-ft (37 km?) ; the
potential steady-state yield of the ground-water res-
ervoirs is 4.6 million ac-ft (5.7 km?®) per year; and
the great reserve of recoverable ground water in
storage above a depth of 400 feet (122 m) is about
1.0 billion ac-ft (1,233 km?). The challenge, there-
fore, of meeting future water requirements is not so
much in coping with a regional shortage, but in
planning for regional and conjunctive development
of the total resource and in devising the means for
overcoming the problems of unequal geographic
distribution and demand. The relative scarcity of
water as compared to long-term needs on the High
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Plains and elsewhere in the Texas-Gulf Region have
counterparts in adjoining regions, so that most pro-
posals for large-scale transfer of water supplies ex-
tend well beyond the region’s boundaries. Examples
of such proposed transfers are contained in the
Texas Water Plan (Texas Water Development
Board, 1968) which is currently being updated and
refined.

SIGNIFICANCE OF GROUND-WATER RESOURCES
IN THE REGIONAL WATER SUPPLY

During the past several decades, ground-water re-
sources have played a sizable role in satisfying the
demands for freshwater in the Texas-Gulf Region.
Many cities, industries, and irrigators, as well as
most rural inhabitants have depended upon this re-
source because of its accessibility, good quality, and
low cost of utilization.

In 1970, ground-water reservoirs supplied about
45 percent of the total freshwater used in the region.
In that year, an estimated 7 million ac-ft (8.6 km3)
of freshwater was withdrawn for municipal supply,
rural-domestic and livestock supply, industrial use,
and irrigation (Murray and Reeves, 1972). This
large ground-water use, relative to the use of surface
water, contrasts sharply with practices in other
Water-Resources Council regions, where the average
use of fresh surface water exceeds the use of fresh
ground water by about 4 to 1.

Although the ground-water reservoirs provided
an estimated 7 million ac-ft (8.6 km?) on the water
used in 1970, about 5 million ac-ft (6 km®) was used
on the High Plains and about 1 million ac-ft (1.2
km?®) was used in the Houston and San Antonio
areas. Because of this geographic concentration of
ground-water usage, the potential significance of the
ground-water supply in the rest of the region is
greatly increased. The ground-water reservoirs, ex-
cluding the Ogallala aquifer that provided the 5 mil-
lion ac-ft (6 km®) used on the High Plains, could
provide 4.6 million ac-ft (5.7 km?®) per year, or
about 2.3 times the amount used outside the High
Plains in 1970.

The unequal hydrologic distribution of the total-
water supply in the Texas-Gulf Region is striking.
Considering only water having less than 3,000 mg/1
dissolved solids, the data summarized in table 2 show
that the total regional supply is an estimated 8.6
billion ac-ft (10,600 km?). Of this amount, 99.6 per-
cent is ground water in storage. Surface water in
artificial lakes at capacity and in natural lakes and
ponds, and the average amount of water in stream
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TABLE 2.—Distribution of the total regional water supply
having less than 3,000 mg/l dissolved solids

L . V":,];;"t: of Percentage

ocation (thousands of of total
acre-feet) water

Ground water
Above depth of 400 feet __.___ 1,975,000 23.08
Below depth of 400 feet ______ 6,545,000 76.49
Total ground water _.__ 8,520,000 99.57

Surface water
Natural and artificial lakes 36,000 0.42

and ponds.
Average in stream channels ___ 640 .01
Total surface water ___ 36,640 0.43

Total regional water supply 8,556,640 100

channels at any one time is about 37 million ac-ft
(46 km?), or only 0.4 percent.

Most of the 8.5 billion ac-ft (10,600 km?®) of
ground water in storage cannot be recovered feas-
ibly. Nevertheless, a large amount of the water in
storage is recoverable and should be considered in
plans for water management. It is reassuring to
know that this reserve can accommodate overdrafts
when necessary, but it is important to remember

at this supply of water has been accumulating for
generations and that the annual recharge adds only
a small increment to the total. The extent to which
this princiapl reserve of water can be conserved and
managed may be a decisive factor in determining
whether or not an adequate supply will be available
in the future.

GEOGRAPHIC AND GEOLOGIC DISTRIBUTION
OF GROUND-WATER SUPPLIES

Although some water-bearing formations are im-
portant sources of water in local areas, only those of
regional significance are considered in this report.
The geographic distribution of the aquifers, in those
areas where they will yield water having less than
3,000 mg/1 dissolved solids, is shown on plate 2B.
The descriptions of the aquifers apply only to the
sections containing water having less than 3,000
mg/1 dissolved solids. The stated capacities of wells
should not be construed to imply that such yields
can be obtained everywhere in the aquifer or that
such yields represent the maximum yields possible.

The Hickory aquifer underlies about 5,000 mi?
(12,950 km?) of the Edwards Plateau and Llano Up-
lift of central Texas, where the strata are highly
faulted and steeply dipping. The aquifer, which con-
sists principally of sand and sandstone, is more than
400 ft (122 m) thick and extends to maximum
depths of almost 5,000 ft (1,520 m). The yields of
the larger-capacity wells generally range between

SUMMARY APPRAISALS OF NATION’S GROUND-WATER RESOURCES

200 and 500 gal/min (13 to 32 1/s), but the yields of
a few wells exceed 1,000 gal/min (63 1/s). The
aquifer is only slightly developed and is capable of
supporting a sizable increase in draft if declines in
water levels are acceptable to water planners and
users. :

The Ellenburger-San Saba aquifer underlies an
area of about 4,000 mi? (10,360 km?) and almost
completely surrounds the Precambrian core of the
Llano Uplift. The aquifer, which consists of more
than 1,000 ft (305 m) of limestone and dolomite
beds that are characterized by substantial secondary
permeability, extends to depths of about 3,000 ft
(914 m). A few large springs issue from the aqui-
fer and help sustain the base flow of several streams
in the Colorado River basin. Although the yields of
large-capacity wells reach 1,000 gal/min (63 1/s),
the aquifer is not extensively developed. Additional
development will reduce the base flow of some
streams in the Colorado River basin.

The Santa Rosa aquifer underlies an area of
about 1,000 mi? (2,590 km?) east of the High Plains,
but its usefulness as a source of potable water is
restricted to parts of a few counties. The aquifer,
which is composed of gravel, sand, and finer mate-
rials, yields water to wells as deep as 450 ft (137 m).
Yields of the larger capacity wells average about
250 gal/min (16 1/s), but some wells yield as much
as 1,000 gal/min (63 1/s). The aquifer is capable of
sustaining slight to moderate increases in the volume
of water pumped.

The Trinity aquifer, which underlies about 20,000
mi? (51,800 km?), constitutes an important ground-
water reservoir because of its areal extent and its
ability to yield more than 1,000 gal/min (63 1/s) of
water to large-capacity wells in some places. The
aquifer is composed of interbedded sand, shale, and
limestone and reaches a maximum thickness of
about 1,200 ft (866 m) at its eastern limit (of water
of less than 3,000 mg/]1 dissolved solids) where it
extends to depths of about 3,500 ft (1,060 m). The
Trinity aquifer is intensively developed in the
Dallas-Fort Worth area where the water is pumped
for municipal supply and industrial use.

The Edwards-Trinity (Plateau) aquifer under-
lies about 15,000 miz (88,200 km?) of the Edwards
Plateau. Freshwater (containing less than 1,000
mg/1 dissolved solids) is contained in the sand and
sandstone layers of the lower part of the aquifer
and in the honeycombed limestone of the upper part.
The maximum thickness of the aquifer exceeds 1,000
ft (8305 m). Although the yields of wells in most
places are relatively small, they may exceed 3,000
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gal/min (190 1/s) in places where secondary per-
meability of the limestone is well developed. Varying
degrees of secondary permeability, however, tend to
govern the rate of production of individual wells.
The base flow of several streams in the Colorado and
Nueces River basins is substantially augmented by
natural discharge from numerous springs issuing
from solution channels in the limestone. The aquifer
is not extensively developed and is capable of sup-
porting a sizable increase in pumpage, but addi-
tional development will reduce base flows.

The Edwards (Balcones Fault Zone) aquifer oc-
cupies a relatively small area of about 2,500 mi?
(6,470 km?) along the Balcones Escarpment, which
separates the Edwards Plateau from the Gulf
Coastal Plain. The aquifer consists of about 500 ft
(152 m) of extensively faulted limestone and dolo-
mite. The faulting has greatly facilitated the de-
velopment of secondary permeability, which in turn
has created storage space for large quantities of
ground water.

The aquifer is extensively developed in much of
its extent for municipal supply, industrial use, and
irrigation. Ground-water drafts are particularly
heavy at San Antonio, where the aquifer provides
the entire water supply for the metropolitan area.
The capacities of the wells operated by the city of
San Antonio are among the world’s largest; some
exceptional wells yield more than 16,000 gal/min
(1,000 1/s). Springs issuing under artesian pressure
from the aquifer largely sustain the low flow of sev-
eral streams in the Nueces, San Antonio, Guadalupe,
and Colorado River basins. Prolonged droughts to-
gether with heavy ground-water withdrawals may
seriously reduce or even stop some of the springflow.

The Woodbine aquifer underlies about 6,000 mi?
(15,500 km?) near the inland extent of the Coastal
Plain. It consists of as much as 600 ft (183 m) of
sand, sandstone, and shale and extends to maximum
depths of about 2,000 ft (610 m). Yields of wells
completed in the aquifer approach 700 gal/min (44
1/s) in areas of thick sand accumulations. Although
the aquifer is tapped by numerous municipal and
industrial wells, it is capable of supporting addi-
tional development if water-level declines are accept-
able.

The Carrizo-Wilcox aquifer underlies about 30,000
mi? (77,700 km?) near the inland margin of the
Coastal Plain and extends across the region in a
band from 30 to 80 mi (48 to 129 km) wide. The
Carrizo-Wilcox aquifer, which consists of inter-
bedded sand and clay, is one of the most productive
aquifers in the region. The maximum thickness of
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the aquifer is about 3,000 ft (914 m) at its southern
(downdip) limits. Yields of wells vary widely, but
some large-capacity wells discharge as much as 3,000
gal/min (190 1/s).

In the Carrizo-Wilcox aquifer, water having less
than 3,000 mg/] dissolved solids occurs at depths of
more than 5,000 ft (1,520 m), which is deeper than
in any other aquifer in the region. Artesian pressure
is sufficient to cause many of the deep wells to flow.
The aquifer is intensively developed by irrigation
wells in the Winter Garden area southwest of San
Antonio, where the annual ground-water draft ex-
ceeds the annual recharge.

The Queen City aquifer, which underlies about
14,000 miz (36,300 km?) of the Coastal Plain, con-
sists of interbedded sand and clay as much as 500 ft
(152 m) thick. The maximum depth of water hav-
ing less than 8,000 mg/1 dissolved solids is about
2,000 ft (610 m). Yields of wells are relatively low,
but a few large-capacity wells exceed 400 gal/min

- (25 1/8). The aquifer is only slightly developed

throughout its extent.

The Sparta aquifer underlies about 9,000 mi?
(23,300 km?) of the Coastal Plain and mostly over-
lies the Queen City and Carrizo-Wilcox aquifers.
The Sparta consists of as much as 350 ft (107 m)
of interbedded sand and clay, and water containing
less than 3,000 mg/]1 dissolved solids extends to
depths of more than 2,000 ft (610 m) in places
along the southeastern boundary of the aquifer.
Large-capacity wells generally yield about 500 gal/
min (32 1/s) although the yields of some wells ex-
ceed 1,000 gal/min (63 1/s) Except for relatively
heavy localized development, the aquifer is only
slightly developed throughout most of its extent.

The Gulf Coast aquifer, which includes the Cata-
houla, Jasper. Fvangeline, and Chicot aquifers, un-
derlies about 35,000 miz (90,600 km?) of the Coastal
Plain and extends from the coastline inland for
about 90 to 120 mi (145 to 193 km). This aquifer,
which is the most extensive of the region’s ground-
water reservoirs, consists of more than 3,500 ft
(1,060 m) of interbedded sand, clay, and gravel
Huge quantities of water are pumped from the aqui-
fer for municipal supply, industrial use, and irriga-
tion. The most intensive and concentrated develop-
ment is in the Houston area, where large-capacity
wells yield from 1,000 to more than 3,000 gal/min
(63-189 1/s), and average about 2,000 gal/min (126
1/s). Even though very large quantities of water are
being pumped, the Gulf Coast aquifer could support
substantial additional development, especially in the
area northeast of Houston.
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The Ogallala aquifer underlies about 19,000 mi>
(49,200 km?) of the High Plains of Texas and New
Mexico. It is one of the most intensively developed
aquifers in the Nation. Within the Texas-Gulf Re-
gion, the Ogallala supplies water to an estimated
50,000 irrigation wells.

The Ogallala consists of as much as 500 ft (152
m) of lenticular beds of gravel, sand, and finer
material, and the zone of saturation ranges in thick-
ness from a few feet to more than 250 ft (76 m).
The depths to water range from less than 50 ft (15
m) to more than 300 ft (91 m). The yields of irri-
gation wells range from less than 100 gal/min (6.3
1/8) to more than 1,000 gal/min (63 1/s), depending
largely upon the saturated thickness of the aquifer.
Large-scale pumping, which greatly exceeds re-
charge, is drastically depleting the ground-water re-
serve. Recharge was estimated by Lohman (1972, p.
66) to range from 0.05 to 0.5 in (0.13 to 1.3 cm) per
year. In some areas, recharge may exceed 0.5 in (1.3
cm) and perhaps approach 1 in (2.5 cm) (A. W.
Wyatt, Texas Water Development Board, oral
commun., 1974).

The various alluvial aquifers in the region occupy
an aggregate area of about 1,800 miz (4,660 km?).
Although alluvium occurs as flood-plain deposifs
along the Colorado and Trinity Rivers and other
streams, the principal deposits are in the Central
Lowland east of the High Plains and along the
Brazos River. The Central Lowland aquifers are
scattered and isolated terrace and flood-plain de-
posits that consist of as much as 150 ft (46 m) of
gravel, sand, and finer sediments. The yields of
large-capacity wells in these deposits range from
less than 100 gal/min (6.3 1/s) to more than 1,000
gal/min (63 1/s). The Central Lowland aquifers are
not capable of furnishing additional large quanti-
ties of water for future development.

The Brazos River alluvial aquifer underlies a flood
plain from 1 to 7 mi (1.6 to 11.8 km) wide and fol-
lows the long sinuous course of the Brazos River
for 350 mi (563 km). The aquifer consists of as
much as 100 ft (30.5 m) of gravel, sand, and finer
sediments. More than 1,000 irrigation wells tap the
aquifer, which yields from 250 to 500 gal/min (16 to
32 1/s) to 50 percent of the wells. The maximum
yields exceed 1,000 gal/min (63 1/s). The Brazos
River alluvial aquifer is capable of sustaining addi-
tional ground-water withdrawals, but the discharge
of the Brazos River will be reduced.

The geographic distribution of the aquifers, tak-
ing into consideration the overlap that occurs in
places, provides coverage of about four-fifths of the
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Texas-Gulf Region. Only about one-fifth of the re-
gion is not underlain by one or more significant
ground-water reservoirs, and even these areas are
not totally devoid of ground water, but must rely on
smaller or less dependable supplies from relatively
minor water-bearing formations.

QUALITY OF THE GROUND WATER

_In any appraisal of a water resource, the quality
of the water must be known before the value of the
supply can be judged. A knowledge of the quality of
the available water is, therefore, in the same order
of importance as a knowledge of the quantity of
available water. To cite an obvious example, the
oceans contain an estimated 97 percent of the
world’s total supply of water, but, under present
technology and the limits of economic feasibility, it
is of little value as a water supply for most uses.

The chemical, physical, biological, and radiologi-
cal characteristics of water determine its suitability
for various uses. Physical problems (turbidity, odor,
color, taste, and temperature) and biological prob-
lems (bacteria) usually can be alleviated econom-
ically, but the removal or neutralization of undesir-
able chemical constituents can be difficult and ex-
pensive.

The type and amount of dissolved constituents in
both ground water and surface water are different
from place to place, but the chemical quality and
physical properties of ground water at any one place
generally remain constant. Ground water is also less
susceptible than surface water to biological and
radiological contamination.

Analyses of water from wells and springs in the
Texas-Gulf Region show that there are great differ-
ences in the chemical quality of the ground water,
both geographically and with depth of occurrence.
Such differences are too numerous to depict on a
map, but the lowest concentrations of dissolved
solids usually occur in the areas of greatest rainfall
and least evaporation—in the aquifers of the eastern
part of the region where recharge is abundant. The
exceptions to this general rule are the occurrences of
water with low concentrations of dissolved solids in
the limestone aquifers of the central and western
parts of the region where recharge is rapid.

Widely ranging levels of salinity are characteris-
tic of the water in storage in the ground-water res-
ervoirs of the region, and this fact, in turn, largely
governs the suitability of the water for various
uses. For the purpose of this report the degrees of
chemical quality, in general terms of total mineral-
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ization, are differentiated according to the following
classification of Winslow and Kister (1956) :

_Description Dissolved solids (mg/1)
Fresh Less than 1,000
Slightly saline - . 1,000 to 3,000
Moderately saline ._____ . ________ 3,000 to 10,000
Very saline . ___________________________ 10,000 to 35,000
Brine _ e More than 35,000

The fresh and slightly saline ground-water sup-
plies have been sufficiently identified in previous
ground-water studies (Alexander and others, 1964 ;
Baker and others, 1963a, b; Cronin and others,
1963 ; Mount and others, 1967 ; Peckham and others,
1963 ; and Wood and others, 1963) to permit a de-
lineation of their combined extent (modified from
Texas Water Development Board, 1968, figs. 11-2
and II-7) in the various ground-water reservoirs of
the region (pl. 2B).

Ground water having concentrations of dissolved
solids in excess of 3,000 mg/1 commonly occurs in
the deep subsurface below the slightly saline water
and downdip in most of the aquifers of the region.
Only the Edwards-Trinity (Plateau), Ogallala, and
alluvial aquifers, most of which do not have deep
subsurface extensions, contain water that is almost
entirely fresh to slightly saline. Largely because of
the natural increase in the salinity of ground water
with depth, saline -water occurs throughout most of
the region. The typical range in dissolved solids in
water that is being used from the various aquifers is
given in table 3.

TABLE 3.—Typical range of dissolved solids in water used
from each aquifer

Typical range in

Aquifer dissolved solids

(mg/1)
Alluvium . __ 500-2,000
Ogallala oo _____ 400-1,200
Gulf Coast .. 300-1,000
Sparta e e 200- 800
Queen City - _____________________ 200- 800
Carrizo-Wileox - oo 200-1,500
Woodbine ._____ 500-1,200
Edwards (Balcones Fault Zone) _._________ 300-1,200
E({w?.rds-Trinity (Plateau) ______________ 400-1,000
Trinity - e 500-1.500
Santa Rosa _____________________________ 400-2,500
Ellenburger-San Saba __________.._________ 400-2,000
Hickory .o 300- 700

QUANTITIES OF GROUND WATER AVAILABLE
FOR DEVELOPMENT

Because of the hydrologic relationship of ground-
water recharge to precipitation, runoff, and evapo-
transpiration, potential recharge in the Texas-Gulf
Region increases from northwest to southeast and
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ranges from a miniscule amount on the High Plains
to several inches in the Sabine River basin. As a re-
sult of this difference in potential recharge, develop-
ment of the ground-water resources may vary from
unavoidable “mining” (pumping in excess of the
potential replenishment rate) of ground water in
storage in the western part of the region to a plan
of limiting withdrawals to the steady-state yield of
the aquifers in the eastern part of the region.

Thé quantities of ground water available for de-
velopment have been estimated largely on the basis
of the amount of natural discharge subject to cap-
ture by pumping which is an index of the maximum
or near maximum recharge rate from precipitation.
The methods used to obtain the data given in this
report were: (1) the U.S. Study Commission
method, which uses theoretical lines of recharge and
discharge and maximum pumping lifts of 400 ft
(122 m) to determine the yield of clastic artesian
aquifers by increasing natural recharge at the out-
crop from increased hydraulic gradients (Alexander
and others, 1964 ; Baker and others, 1963a, b; Cro-
nin and others, 1963 ; Mount and others, 1967; Peck-
ham and others, 1963 ; and Wood and others, 1963) ;
(2) the base-flow method for determining recharge
to the Edwards-Trinity (Plateau) aquifer, in which
recharge approximates base flow of the streams
draining the aquifer (Alexander and Patman, 1969;
Long, 1958; and Reeves, 1969); (3) the stream
inflow-outflow method used for Edwards (Balcones
Fault Zone) aquifer, in which recharge is computed
on the basis of historical streamflow records (Petitt
and George, 1956; and Garza, 1962) ; and (4) the
method of determining the amount of water moving
through the aquifers (Ogallala and alluvium) under
existing hydraulic gradients (Theis, 1937; Cronin
and Wilson, 1967; and Brown and Signor, 1973).

Availability is given also in this report as the
amount of water recoverable and partly recoverable
from storage. These values have their greatest sig-
nificance in areas where ground-water mining is un-
avoidable, as on the High Plains.

The quantities of ground water available for de-
velopment (table 4) are expressed as the steady-
state yield. Under this concept, the yield approxi-
mates the maximum perennial replenishment from
precipitation. The retention in the aquifer of at least
a part of the recharge that would have been released
as base flow is inherent in this concept, and develop-
ment of an aquifer to this extent necessarily results
in diminution of surface runoff. The concept also
presupposes an idealized pattern of aquifer develop-
ment whereby construction and spacing of indi-
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vidual wells are suitable for recovering much of the
water added to the zone of saturation and for stabil-
izing water levels.

As shown in table 4, the total steady-state yield
of the aquifers of the region is 4.6 million ac-ft (5.7
km®) annually. The largest single yield is 2.5 million
ac-ft (8.1 km®) annually from the Gulf Coast aqui-
fer. The quantities of water given as steady-state
vields are, at best, only approximations and are to be
regarded as preliminary estimates that should be
revised and kept current as development progresses
and more basic data become available.

It is not suggested that the aquifers should be de-
veloped to the indicated extent of the yields in any
plan of total water management. As appropriately
expressed by Lohman (1972, p. 62), where the
framework of prevailing laws and regulations per-
mits the total water resource to be operated for
maximum efficiency, water planners, given the
knowledge of the combined ground- and surface-
water systems and their interrelationship, should
then be able to select the most desirable or equitable
distribution of available water.

An estimated total of 4.32 billion ac-ft (5,330 km?*)
of recoverable and partly recoverable water contain-
ing less than 38,000 mg,/] dissolved solids is stored in
the aquifers of the region, and of this amount, about
1.04 billion ac-ft (1,280 km?®) of recoverable water,
or 24 percent of the total, is estimated to be stored
within 400 ft (122 m) of the land surface. The Gulf
Coast aquifer, which contains an estimated 450 mil-
lion ac-ft (555 km®) of recoverable water in the top
400 ft (122 m), has the largest storage capacity of
the region’s aquifers.

The 400-ft (122-m) depth as used here is an arbi-
trary level that does not necessarily imply an eco-
nomic limit of recovery, as economics of pumping
can and usually do change for various reasons. Ob-
viously in the case of the Ogallala aquifer, the 5
million ac-ft (6 km®) of water below a depth of 400
ft is economically recoverable. Nevertheless, for the
purpose of this report, the available water above a
depth of 400 ft (table 4) is considered to be recov-
erable and implies dewatering (mining) to that
depth, which would necessitate pumping lifts in ex-
cess of 400 ft. On the other hand, much of the water
below 400 ft, especially in those aquifers where
freshwater extends to great depths and is in lateral
and vertical connection with saltwater, may not be
economically recoverable at present costs and may
never be practical to recover. Largely for this
reason, the volume of water below a depth of 400
ft is referred to in table 4 as partly recoverable.

SUMMARY APPRAISALS OF NATION’S GROUND-WATER RESOURCES

TABLE 4.—Quantities of ground water available for

development *

Partly
rec(l))\lter-

e

e water

_Steady-state s:obr(')z;gee stor-

Aditer vield (thonsands SRS age

Der year) (thousands gfe%}(‘)
E

acre-

feet)
Alluvium ____________ 130 5,000 0
Ogallala _____________ 90 135,000 5,000
Gulf Coast ._—_.—____ 2,500 450,000 1,150,000
Sparta . _____ 130 20,000 65,000
Queen City —__.______ 120 70,000 200,000
Carrizo-Wilcox —______ 560 150,000 1,150,000
Woodbine . _.____. 10 10,000 70,000
Edwards (Balcones 410 2,000 13,000

Fault Zone).
Edwards-Trinity 540 70,000 70,000
Plateau).
Tri(m'ty ______________ 70 100,000 450,000
Santa Rosa __________ 30 8,000 0
Ellenburger-San Saba - 20 8,000 12,000
Hickory oo~ 40 10,000 100,000
Total 4,650 1,038,000 3,285,000
(Rounded).

1 Steady-state yield and recoverable water in storage from data in
Alexander and others (1964), Baker and others (1963a,b), Brown and
Signor (1973), Cronin and others (1963), Mount and others (1967), Peck-
ham and others (1963), Petitt and George (1956), Texas Water Development
Board (1966a-r), Wood (1956), Wood and others (1963), and other com-
putations by U.S. Geological Survey. Specific yield of 2 percent used in
computing recoverable water in storage in Edwards (Balcones Fault Zone),
limestone part of Edwards-Trinity (Plateau), and Ellenburger-San Saba
aquifers; specific yield of 15 percent used for other aquifers. Ogallala
storage as of 1967 after Cronin (1969).

Because of the enormous amount of recoverable
water in storage, each aquifer contains a stock of
water that can be mined if necessary (as is being
done with the Ogallala aquifer on the High Plains),
whether the rate of recharge is large or small. The
steady-state yield can be augmented for a very long
time on a “deferred” basis, whereby the use of the
water that is withdrawn from storage may result in
a strengthened economy, which is turn can support
programs for developing additional sources of sup-
ply. (See American Society of Civil Engineers, 1972,
p. 21.)

The surpluses and deficiencies in the ground-water
supplies in the region result from three factors: (1)
the aquifers are not uniformly distributed within
the region; (2) the yields of the aquifers are differ-
ent; and (8) the demands for water vary from one
part of the region to another. Indices of areal poten-
tial for future development can be established on
the basis of the geographical variance in the steady-
state yield and the demands projected to 2020. The
areas of greatest potential for additional develop-
ment of ground-water supplies within the Texas-
Gulf Region, as shown on plate 2C, are areas of
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ground-water surpluses where the locally available
supplies exceed the projected local demands.

Projected ground-water requirements exceed the
available ground-water supply in only three areas—
the High Plains, the Dallas-Fort Worth area, and the
San Antonio area. The aquifers in these areas are
already heavily pumped, and projected withdrawals
to satisfy the 2020 demands will result in the initia-
tion or continuance of ground-water mining.

The steady-state supply of ground water exceeds
the projected ground-water requirements by differ-
ent amounts in the rest of the region. Ground-water
surpluses of as much as 300,000 ac-ft (0.37 km?)
annually are available in the Sabine and Neches
River basins, and the occurrence of highly produc-
tive aquifers and relatively low requirements in the
Nueces River and Middle Colorado River basins indi-
cate that these areas in the generally water-deficient
western part of the region have the potential for
additional development (pl. 2C).

In many parts of the region, however, the steady-
state supply only slightly exceeds the projected

ground-water requirements, and surpluses in these

areas are projected to be less than 100,000 ac-ft
(0.12 km?®) annually by 2020. In the heavily pumped
Houston area, for example, ground-water with-
drawals slightly in excess of the projected demand
would result in mining of the water in storage in the
sand and gravel beds. Water is being mined already
from the clay beds by compaction and accompanying
land-surface subsidence.

The foregoing discussion of the availability of
ground water and of the potential for future devel-
opment by area does not consider the possible im-
pact of such development. It should be reiterated
that full development of ground-water resources to
the extent indicated, or even less in some areas,
could be detrimental to the adequacy of surface-
water supplies by reducing basin runoff. Also, part
of the ground-water surpluses in some aquifers aug-
ments streamflow that in turn provides recharge to
other aquifers.

OPPORTUNITIES FOR MEETING WATER
REQUIREMENTS BY GREATER USE OF
GROUND-WATER RESERVOIRS

The large ground-water resources of the Texas-
Gulf Region, with some notable exceptions, are still
in an incipient stage of development. This situation
exists despite the fact that development has contin-
uved almost unabated for the past half century and
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that ground water now constitutes the source of
about half the water used in the region.

Provisions should be made in programs for meet-
ing future water requirements to develop the avail-
able ground-water supply to the most reasonable ex-
tent and to use the underground resources, as appro-
priate, in integrated systems of importing and ex-
porting water, storage, artificial recharge, desalini-
zation, reclamation, and waste disposal.

USE OF GROUND WATER AS THE PRIMARY
SOURCE OF WATER SUPPLY

The selection of ground water as the primary
source of water supply has generally been based on
one or more of the following advantages (Thomas,
1951, p. 223-224) :

1. Accessibility.—Ground water usually may be
reached within a few hundred feet of where it
is to be used, and on the same property,
whereas surface water may require pipeli