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FOREWORD

THE REGIONAL AQUIFER-SYSTEM ANALYSIS PROGRAM

The RASA program represents a systematic effort to study a number of
the Nation’s most important aquifer systems, which, in aggregate, underlie
much of the country and which represent important components of the
Nation’s total water supply. In general, the boundaries of these studies are
identified by the hydrologic extent of each system, and accordingly tran-
scend the political subdivisions to which investigations have often arbi-
trarily been limited in the past. The broad objective for each study is to
assemble geologic, hydrologic, and geochemical information, to analyze
and develop an understanding of the system, and to develop predictive
capabilities that will contribute to the effective management of the system.
The use of computer simulation is an important element of the RASA stud-
ies to develop an understanding of the natural, undisturbed hydrologic sys-
tem and the changes brought about by human activities, and to provide a
means of predicting the regional effects of future pumping or other
stresses.

The final interpretive results of the RASA program are presented in a
series of U.S. Geological Survey Professional Papers that describe the
geology, hydrology, and geochemistry of each regional aquifer system.
Each study within the RASA program is assigned a single Professional
Paper number beginning with Professional Paper 1400.

Charles G.Groat
Director
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REGIONAL AQUIFER-SYSTEM ANALYSIS—GULF COASTAL PLAIN

HYDROLOGY OF THE TEXAS GULF COAST
AQUIFER SYSTEMS

By PAUL D. RYDER and ANN F. ARDIS

ABSTRACT

A complex, multilayered ground-water flow system exists in the Coastal
Plain sediments of Texas. The Tertiary and Quaternary clastic deposits have
an areal extent of 114,000 square miles onshore and in the Gulf of Mexico.
Two distinct aquifer systems are recognized within the sediments, which
range in thickness from a few feet to more than 12,000 feet. The older
system, the Texas coastal uplands aquifer system, consists of four aquifers and
two confining units in the Claiborne and Wilcox Groups. It is underlain by
the practically impermeable Midway confining unit or by the top of the
geopressured zone. It is overlain by the nearly impermeable Vicksburg-Jack-
son confining unit, which separates it from the younger coastal lowlands aqui-
fer system. The coastal lowlands aquifer system consists of five permeable
zones and two confining units that range in age from Oligocene to Holocene.
The hydrogeologic units of both systems are exposed in bands that parallel the
coastline. The units dip and thicken toward the Gulf. The quality of water in
the aquifer systems is highly variable, with content of dissolved solids ranging
from less than 500 to 150,000 milligrams per liter.

Substantial withdrawal from the aquifer systems began in the early 1900’s
and increased nearly continuously into the 1970’s. The increase in withdrawal
was relatively rapid from about 1940 to 1970. Adverse hydrologic effects,
such as saltwater encroachment in coastal areas, land-surface subsidence in
the Houston-Galveston area, and long-terrn dewatering in the Winter Garden
area, were among the factors that caused pumping increases to slow or to
cease in the 1970’s and 1980’s.

Ground-water withdrawals in the study area in 1980 were about 1.7 billion
gallons per day. Nearly all of the withdrawal was from four units: Permeable
zones A, B, and C of Miocene age and younger, and the lower Clai-
borne—upper Wilcox aquifer. Ground-water levels have declined hundreds of
feet in the intensively pumped areas of Houston-Galveston, Kingsville, Winter
Garden, and Lufkin-Nacogdoches. Water-level declines have caused inelastic
compaction of clays which, in turn, has resulted in land-surface subsidence of
more than | foot in an area of about 2,000 square miles. Maximum subsid-
ence of nearly 10 feet occurs in the Pasadena area east of Houston.

A three-dimensional, variable-density digital model was developed to sim-
ulate predevelopment and transient flow in the aquifer systems. The modeled
area is larger than the study area and includes adjacent parts of Louisiana and
Mexico. The transient-model calibration period was from 1910 (predevelop-
ment) to 1982. Model-generated head distributions, water-level hydrographs,
and land-surface subsidence were matched to measured data in selected,
intensively pumped areas.

For the study area, mean horizontal hydraulic conductivity in the calibrated
model ranges from 10 feet per day for the middle Wilcox aquifer to 25 feet
per day for permeable zone A. Mean transmissivity ranges from about 4,600
feet squared per day for the middle Claiborne aquifer to about 10,400 feet
squared per day for permeable zone D. Mean vertical hydraulic conductivity

ranges from 1.1x107 feet per day for the Vicksburg-Jackson confining unit, to
3.8x10* feet per day for permeable zone A. Mean values of calibrated storage
coefficient range from 5.2x10™ for the middle Claiborne aquifer to 1.7x107}
for the middle Wilcox aquifer and permeable zone C. Calibrated inelastic
specific storage values for clay beds in permeable zones A, B, and C in the
Houston-Galveston area are 8.5x10%, 8.0x10°, and 8.0x10* per foot, respec-
tively.

Recharge rates were mapped for predevelopment conditions as determined
from a steady-state model calibration. A maximum rate of 3 inches per year
was simulated in small areas, and the average rate for the study area was 0.34
inch per year, Total simulated recharge was 85 million cubic feet per day in’
the outcrop area. Recharge was equal to discharge in outcrop areas (79
million cubic feet per day) plus net lateral flow out of the study area (6 million
cubic feet per day).

Rates of inflow and outflow to the ground-water system have nearly tripled
from predevelopment to 1982 (85 to 276 million cubic feet per day) based on
model simulation. Withdrawal of 231 million cubic feet per day was supplied
principally by an increase in outcrop recharge and, 1o a lesser extent, from a
decrease in natural discharge and release of water from storage in aquifers and
compacting clay beds. The average simulated 1982 recharge rate for the study
area was 0.52 inch per year, with a maximum simulated rate of 6 inches per
year in Jackson and Wharton Counties.

Because withdrawal has caused problems such as saltwater intrusion,
land-surface subsidence, and aquifer dewatering, the Texas Department of
Water Resources has projected that ground-water use will decline substan-
tially in most of the study area by the year 2030. Some areas remain favorable
for development of additional ground-water supplies. Pumping from older
units that are farther inland and in areas where potential recharge is greater
will minimize adverse hydrologic effects.

INTRODUCTION

GULF COAST AQUIFER SYSTEMS REGIONAL
STUDY

The Gulf Coast Regional Aquifer-System Analysis (Gulf
Coast RASA) study was begun in 1980 as part of a federally
funded program of the U.S. Geological Survey to provide a
regional understanding and assessment of major aquifer sys-
tems in the United States. The Gulf Coast RASA study is
focused on the Gulf Coastal Plain sediments of Tertiary and

El
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Quaternary age. The study area consists of about 230,000
mi? onshore and about 60,000 mi® offshore (about 290,000
mi? total) in parts of Alabama, Arkansas, Florida, Illinois,
Kentucky, Mississippi, Missouri, Tennessee, and Texas, and
all of Louisiana (fig. 1). A complete discussion and descrip-
tion of the Gulf Coast RASA study is given in Grubb (1984).

Many reports and abstracts resulting from the study have
been published or are in press. These reports generally cover
all or parts of the aquifer systems in the Gulf Coast RASA
study. They describe one or a combination of various
aspects of the gulf coast aquifer systems such as geology and
stratigraphy, geochemistry, ground-water hydraulics and flow,
ground-water development and use, and digital-model devel-
opment.

Final reports, regional and subregional in scope, that
describe the hydrogeologic framework, hydrology, or
geochemistry are in Professional Paper 1416, which consists
of several chapters.

TEXAS GULF COAST SUBREGIONAL STUDY

The Texas Gulf Coast study is a part of the Gulf Coast
RASA study (fig. 1). Parts of the Texas Gulf Coast aquifer
systems have sustained intensive ground-water development
that has resulted in problems associated with large decreases
of ground-water levels, land subsidence, and saltwater
encroachment. Ground-water withdrawals were more than
600 Mgal/d in the Houston-Galveston area in 1980. Water
levels in some wells declined from at or above land surface
in the early 1900’s to about 350 ft below land surface in the
1980’s. The decreased artesian pressure head caused land
subsidence of almost 10 ft in the Pasadena area east of Hous-
ton during 1906-78 (Gabrysch, 1984b, p. 21). Extensive
withdrawal has caused land subsidence in other areas,
although less severe than in the Houston area.

Potential for saltwater encroachment is particularly great
in the southwestern part of the study area. The cities of
Alice in Jim Wells County and Brownsville in Cameron
County have supplemented ground-water supplies with sur-
face water because of saltwater encroachment (Texas Depart-
ment of Water Resources, 1984a, p. I1I-22-1). Because of
saltwater encroachment, the cities of Agua Dulce, Banquette,
Driscoll, and Bishop in Nueces County, and Kingsville in
Kleberg County have begun to or plan to supplement
ground-water supplies with water from the Nueces River
(Texas Department of Water Resources, 1984a, p. III-22-1).

Other areas within the Texas part of the Gulf Coast
RASA study area have potential for significant additional
ground-water development, but the effects of large
increases in development are not known. Management of
the regional ground-water resource will require quantitative
evaluation of the geologic, hydrologic, and chemical-qual-
ity characteristics of the system in addition to definition of

the hydrogeologic boundaries that affect development

potential.

PURPOSE AND SCOPE

The objectives of the Texas Gulf Coast study are to (1)
define the hydrogeologic framework and hydraulic character-
istics of the aquifer systems, (2) delineate the extent of fresh
to slightly saline water in the various hydrogeologic units,
(3) describe and quantify the ground-water flow system, (4)
analyze the hydrologic effects of human development on the
flow system, and (5) assess the potential of the aquifer sys-
tems for further development. A preliminary or interim
report (Ryder, 1988) described in detail the hydrogeologic
framework and the steady-state predevelopment flow system.
Thus, a brief summary of these topics is given in this report,
and the emphasis of this report is on the effects of develop-
ment and the potential for development.

METHOD OF INVESTIGATION

The basic approach to meet the study objectives was to
collect and analyze hundreds of borehole geophysical logs,
to review previously published interpretive reports, and to
use data files from the U.S. Geological Survey and other
Federal and State agencies and commercially available files
from the petroleum industry. From these analyses a region-
ally consistent hydrogeologic framework was defined. Addi-
tionally, the analyses provide (1) the hydrologic boundaries
of the aquifer systems, (2) a definition of selected
water-quality properties, (3) initial estimates of aquifer and
confining-unit hydraulic characteristics, (4) estimates of
withdrawal in each of the various aquifers, and (5) where
sufficient data exist, potentiometric-surface maps for deter-
mining any long-term decline in water levels from predevel-
opment to modern-day conditions. All of these resulting
data were incorporated into a multilayered, digital
ground-water flow model. Calibration of the model provides
an improved estimate of aquifer and confining-unit hydraulic
characteristics, a quantitative analysis of flow within and
between each of the various aquifers, a better understanding
of the total flow system, and a useful tool for assessing the
potential of the aquifer systems for further development.

The Texas Gulf Coast study is one of five subregions of
the Gulf Coast RASA study area for which digital models
have been developed. The five subregional models are
nested within the Gulf Coast RASA regional model. The
relation of the regional modeled area, with a grid having 102
rows, 58 columns, and 10-mi grid-block spacing, to the five
subregional modeled areas, each with 5-mi grid-block spac-
ing, is shown in figure 2. The model grid is explained in
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overview the Gulf Coast RASA. Hosman and Weiss
(1991) described in detail the hydrogeologic framework for
the Texas coastal uplands aquifer system. Weiss (1987)
described methods for estimating dissolved-solids concen-
trations in water. Pettijohn and others (1988) presented
maps of dissolved-solids concentrations.  Ryder (1988)
described the hydrogeology and predevelopment flow in the
Texas Gulf Coast aquifer systems.

HYDROGEOLOGY

A detailed description of the hydrogeologic framework is
given in Ryder (1988). A brief summary follows. Some
model-derived values of transmissivity and horizontal and
vertical hydraulic conductivity presented here are signifi-
cantly different from those previously reported for the prede-
velopment model calibration. These properties are described
in detail, as well as storage coefficient, which was estimated
for the transient model calibration. Estimates of dis-
solved-solids concentrations and density of water are more
accurate than reported previously.

HYDROGEOLOGIC FRAMEWORK

Tertiary and Quaternary deposits of clay, silt, sand, and
gravel as much as 12,000 ft thick underlie the Gulf Coastal
Plain in Texas. The clastic sediments dip toward the Gulf
of Mexico and thicken in that direction. The thick
sequence of alternating fine- and coarse-grained sediments
are subdivided into hydrogeologic units that can be repre-
sented as layers in a digital ground-water flow model. The
number of model layers (hydrogeologic units) chosen was
based on practical considerations for the scale of the sys-
tem, objectives of the model study, and computer-cost limi-
tations. Weiss and Williamson (1985) discussed the
rationale and methodology for subdividing the Coastal Plain
sediments into discrete hydrogeologic units for the Gulf
Coast RASA study.

Pre-Miocene sediments are distributed as relatively uni-
form sequences of predominantly fine- or coarse-grained
material. Borehole geophysical data can be used to iden-
tify the intervals and to designate aquifers and confining
units.

Miocene and younger deposits differ from pre-Miocene
deposits because the younger deposits show more hetero-
geneity—the interfingering of many thin beds of differing
texture and limited areal extent. Where the aquifer sys-
tem is heterogeneous, Weiss and Williamson (1985) stated
that the subdivision into model layers should include an
evaluation of depths of producing zones and the resultant

vertical distribution of hydraulic head. In addition, bore-
hole geophysical data were used to suggest relative perme-
abilities and to delineate model layers that are more likely
to have uniform hydraulic properties. Thus, Miocene and
younger deposits at large pumping centers in Houston,
Texas, and Baton Rouge, Louisiana, were subdivided into
discrete units (Weiss and Williamson, 1985). These units
are called “permeable zones” and confining units. The
permeable zones typically contain discontinuous clay beds,
in contrast to the pre-Miocene aquifers that are typically
massive sand beds separated by regionally extensive clay
beds.

The hydrogeologic units of the Gulf Coast RASA study
compose three major aquifer systems (fig. 1). The Texas
coastal uplands aquifer system occurs only in Texas; the
coastal lowlands aquifer system occurs in Texas and several
nearby States; the Mississippi embayment aquifer system
occurs in several States outside Texas. The two systems
(tables 1, 2) in Texas are separated by the poorly permeable
Vicksburg-Jackson confining unit and are underlain by the
practically impermeable Midway confining unit. The Texas
coastal uplands (hereafter called simply the coastal uplands)
and coastal lowlands aquifer systems consist of four aquifers,
five permeable zones, and six confining units (including the
Midway and Vicksburg-Jackson confining units). The defini-
tions of the hydrogeologic units and the names assigned to
them may not conform to conventional definitions and names
as found in the published literature. The hydrogeologic units
in the coastal uplands aquifer system are named for the
group designation of the sediments that make up the units
(Hosman and Weiss, 1991). Grubb (1987) applied the desig-
nations “zone A” through “zone E” for the five permeable
zones of the coastal lowlands aquifer system, and Weiss
(1990) presented thickness maps of both the permeable
zones and confining units. Correlation of stratigraphic and
hydrogeologic units is shown in table 1 for the coastal low-
lands aquifer system and in table 2 for the coastal uplands
aquifer system.

A note of explanation concerning the “Frio” Formation
(table 1) and the Frio Clay (table 2) is due here. The “Frio”
Formation is from Texas oil-field nomenclature. It refers to
a thick section of sand that begins to appear about 3,000 ft
below the land surface. The “Frio” Formation has no corre-
lation with the Frio Clay, which is the updip nonmarine,
time-equivalent unit of the subsurface Vicksburg Group
(Baker, 1979, p. 36).

The hydrogeologic units are, from youngest to oldest
(tables 1, 2), permeable zone A (Holocene—upper Pleis-
tocene deposits), permeable zone B (lower Pleis-
tocene—upper Pliocene deposits), permeable zone C (lower
Pliocene—upper Miocene deposits), zone D confining unit
(middle Miocene deposits), permeable zone D (lower to
middle Miocene deposits), zone E confining unit (lower
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TABLE 1. —Stratigraphic and hydrogeologic units of the Texas coastal lowlands aquifer system

S | o Modified from Baker (1979) From Grubb (1987)
TR
5) & | STRATIGRAPHIC | HYDRO- |HYDROGEOLOGIC | HYDROGEOLOGIC
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R
2] -
Ow “Frio* © Permeable zone E 7
oz Formation’
38
o

1Present only in the subsurface
2 Catahoula Tuff west of Lavaca County

Miocene deposits), permeable zone E (lower Miocene—upper
Oligocene deposits), Vicksburg-Jackson confining unit,
upper Claiborne aquifer, middle Claiborne confining unit,
middle Claiborne aquifer, lower Claiborne confining unit,
lower Claiborne—upper Wilcox aquifer, middle Wilcox aqui-
fer, and Midway confining unit.

All but two of the units (zone D and zone E confining
units exist only in the subsurface) crop out in bands that
are essentially parallel to the coastline (fig. 5). Generally,
the units dip south-southeastward toward the Gulf of

Mexico and thicken in that direction. An exception is in
the Sabine uplift in the northeast, where older units are
exposed at the surface and dip away in all directions from
the uplift center.

The arrangement and subsurface extent of the hydrogeo-
logic units that make up the aquifer systems are shown by
the hydrogeologic section in figure 6. The hydrogeologic
section is useful in that it presents a simple, two-dimen-
sional view of the interrelationship of aquifers, confining
units, and hydrologic boundaries. The section was drawn
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Simulated ... aes range from not greatly different from field
values to about 1.5 times greater or lesser than field values in
subareas 2 and 4.

Mean, minimum, and maximum grid-block values of
hydraulic conductivity for each aquifer and permeable zone
in the study area as derived from model calibration are
shown in table 3. The values are designated as uniform in
four of the units (table 3). This designation is made because
the units are relatively undeveloped and field-test data are
lacking, and further refinement of hydraulic conductivity
with resulting areal variation among the grid blocks was not
warranted. The hydraulic conductivity values range from |
ft/d in the lower Claiborne—upper Wilcox aquifer (downdip
in the Winter Garden area) to 102 ft/d in permeable zone A
(in eastern Texas). Means range from 10 ft/d in the middle
Wilcox aquifer to 25 ft/d in permeable zone A.

Tests to analyze the sensitivity of the model to changes
in selected model variables (discussed fully in the section
on “Model Documentation”) showed that the model is most
sensitive to a decrease in horizontal hydraulic conductivity.

The thickness of each aquifer and permeable zone was
described in detail by Ryder (1988). The transmissivity of
each aquifer and permeable zone as derived through the cali-
bration of the digital flow model is shown on plate 1. In
general, the transmissivity is smallest in the extreme updip
and downdip grid blocks, where thicknesses generally
approach zero. Transmissivity within the study area reaches
a maximum of more than 40,000 ft¥/d in three units: perme-
able zone A, permeable zone D, and permeable zone E (pl.
1). In permeable zone A, the largest transmissivity is at the
Texas-Louisiana boundary where the hydraulic conductivity
of the zone is high. The largest transmissivity in permeable
zones D and E is in downdip areas where the units have a
large thickness.

Mean, minimum, and maximum grid-block values of
transmissivity for each aquifer and permeable zone in the
study area are shown in table 3. Values range from less
than 500 ft¥d in each layer to about 50,000 ft*/d in perme-
able zone A. Means range from about 4,600 ft*/d in the
middle Claiborne aquifer to about 10,400 ft*/d in permeable
zone D.

VERTICAL HYDRAULIC CONDUCTIVITY

The vertical hydraulic conductivity values in table 4
were derived through the calibration of a digital
ground-water flow model, wherein flow across a confining
unit is the product of the vertical hydraulic-head gradient,
the area of the grid block, and the effective leakance. The
vertical hydraulic conductivity of a unit divided by the
unit’s thickness is defined as leakance. Effective leakance

is the harmonic mean of the leakances of the confining
unit, the underlying aquifer, and the overlying aquifer.

The grid-block means of the vertical hydraulic conductiv-
ity of the aquifers and permeable zones in table 4 are gen-
erally a few orders of magnitude smaller than the
horizontal hydraulic conductivity of the aquifers and perme-
able zones (table 3). Means of the vertical hydraulic con-
ductivity of contining units are smaller than those of the
aquifers and permeable zones, and the vertical conductivity
of confining units below the Vicksburg-Jackson confining
unit is smaller than for the confining units above. Vertical
hydraulic conductivity ranges from 1.0x10° to 1.0x10!
ft/d. Means range from 1.1x10° fvd for the Vicks-
burg-Jackson confining unit to 3.8x10* ft/d for permeable
zone A.

Tests to analyze sensitivity of the model to changes in
selected model variables (discussed in the section on
*Model Documentation”) showed that the model is moder-
ately sensitive to change in vertical hydraulic conductivity.

STORAGE COEFFICIENT

The storage coefficient for the confined aquifers and per-
meable zones was estimated by applying a specific storage
value of 1.0x10° per foot times the layer thickness. This
specific storage value is an approximate value for most con-
fined aquifers (Lohman, 1972, p. 8).

The storage coefficient of unconfined aquifers is virtually
equal to the specific yield, which means that nearly all of the
water is released from storage by gravity drainage (Lohman,
1972, p. 8). The lower Claiborne—upper Wilcox aquifer has
an exceptionally high percentage of sand relative to other
aquifers and permeable zones in the study area (Ryder, 1988,
table 3; Hosman and Weiss, 1991, fig. 33). The sand has
been significantly dewatered in parts of the outcrop because
of intense withdrawal in the agricultural Winter Garden area.
An initial specific yield of 0.2 was assumed for this unit in
its outcrop area; this is the average value between the general
limits of 0.1 and 0.3 for unconfined aquifers (Lohman, 1972,
p. 54). The value was reduced during model calibration to a
maximum of 0.15.

Some of the shallow sands in the outcrop of units other
than the lower Claiborne—upper Wilcox aquifer undoubtedly
have storage-coefficient values appropriate for unconfined
aquifers. However, for modeling purposes, it is assumed that
there is no significant change in the shallow water table
because (1) the sands are recharged sufficiently by precipita-
tion and return flow from applied irrigation water, or (2)
there is no significant ground-water withdrawal near the
sands. Thus, in the digital model a confined storage coeffi-
cient is assigned to these units.

Values of storage coefficient in table 5 are as large as
0.15, which is the estimated specific yield in the unconfined
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TABLE 3.—Horizontal hydraulic conductivity and transmissivity of aquifers and permeable zones based on model calibration, Texas Gulf

Coast aquifer systems
[<, less than]

Aquifer Horizontal hydraulic

or conductivity Transmissivity
permeable (feet per day) (feet squared per day)

zone Mean Minimum Maximum Mean Minimum  Maximum
Permeable

zone A......... 25 12 102 6,956 <500 50,065
Permeable

zone B......... 23 2 25 10,262 <500 27,534
Permeable

zone C......... 15 7 31 9,298 <500 26,813
Permeable

zone D......... 16 8 21 10,383 <500 49,258
Permeable

zone E......... 15 15 15 7,766 <500 47,020
Upper Claiborne

aquifer........ 15 15 15 5,998 <500 23,101
Middle Claiborne

aquifer........ 15 15 15 4,602 <500 22,915
Lower Claiborne-

upper Wilcox

aquifer........ 23 1 72 4,659 <500 30,922
Middle Wilcox

aquifer........ 10 10 10 10,071 <500 34,688

part of the lower Claiborne—upper Wilcox aquifer. Means
range from 5.2x10* for the middle Claiborne aquifer to
1.7x10"* for permeable zone C and the middle Wilcox
aquifer.

Storage in confining units is considered negligible. How-
ever, significant amounts of water may be released from stor-
age in younger clay beds in permeable zones A, B, and C
when sufficient declines in head cause the beds to compact
inelastically. The release of water by inelastic compaction of
fine-grained deposits in these permeable zones causes
land-surface subsidence. A digital model code incorporated
from Leake and Prudic (1989) provides for the release of
water by inelastic compaction of fine-grained deposits by

converting from an elastic to an inelastic specific storage.
This conversion is done for the clay part of a permeable zone
when the head in a grid block declines below the critical
head. The critical head is defined as the head that coincides
with the maximum effective stress to which the deposits had
previously been subjected.

When the critical-head decline is reached in model
simulation, the initial specific storage value of 1.0x10°
per foot is increased by factors of 85, 80, and 8 for the
clay parts of permeable zones A, B, and C, respectively,
in the Houston-Galveston area. These factors were deter-
mined during model calibration and resulted from match-
ing land subsidence in model simulations to measured
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TABLE 4.—Vertical hydraulic conductivity of aquifers, perméable zones. and confining units based on calibrated model for
the Texas Gulf Coast aquifer svstems

Aquifer, Vertical hydraulic conductivity
permeable zone, or (feet per day)
confining unit Mean Minimum Maximum
Permeable zone A.......... 3.8x1073 2.4x107¢ 1.0x107!
Permeable zone B.......... .3x1073 1.0x107¢ 5.0x1072
Permeable zone C.......... 8.0x107* 5.3x107¢ 5.0x1072
Zone D confining unit..... .1x107 1.0x107* 1.7x107*
Permeable zone D.......... .3x107* 1.0x107° 8.3x107*
Zone E confining unit..... .1x107* 1.0x107* 1.3x107™
Permeable zone E.......... 1x107* 1.0x107* 1.0x1072
. Vicksburg-Jackson
confining unit.......... .1x107° 1.0x107 1.5x107°
Upper Claiborne aquifer... .3x1073 1.0x1073 5.0x1072
Middle Claiborne
confining unit.......... .1x107° 4.0x107° 5.4x107°
Middle Claiborne aquifer.. .6x107* 1.0x107° 1.0x1072
Lower Claiborne
confining unit.......... 2.1x107° 2.0x107° 3.4x107°
Lower Claiborne-
upper Wilcox aquifer.... .0x1073 2.0x107¢ 1.0x107?
Middle Wilcox aquifer..... .0x107* 1.2x107¢ 1.2x1073

values. The details of observed and simulated
land-surface subsidence are discussed in the section on
“Model Documentation.”

DISSOLVED-SOLIDS CONCENTRATION AND
DENSITY OF WATER

The concentration of dissolved solids in water is com-
monly used as an indication of the water’s suttability for use.
The terms used to describe water salinity in this report are as
follows (Hem, 1985, p. 157):

Dissolved-solids concentration (mg/L)

Fresh 0-1,000
Slightly saline 1,000-3,000
Moderately saline 3,000-10,000
Very saline 10,000-35,000

Briny More than 35,000

Freshwater requires little or no treatment for most public
and industrial use. Slightly saline water is marginal for
many uses and often requires treatment or mixing with less
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TABLE 5.—Calibrated elastic storage coefficient for aquifers and permeable zones, and inelastic specific storage for compacting clays,
Texas Gulf Coast aquifer systems
[Leaders (---), assumed to have no clays subject to inelastic compaction]

Storage coefficient Inelastic
Aquifer or (dimensionless) specific
permeable zone Mean Maximum storage
(per foot)
Permeable zone A........... 6.0x107* 9.4x107* 8.5x107°
Permeable zone B........... 1.3x107° 4.4x1073 8.0x107°
Permeable zone C........... 1.7x1073 4.9x1073 8.0x107¢
Permeable zone D........... 1.5x1073 5.1x1073 ---
Permeable zone E........... 1.2x1073 4.4x1073
Upper Claiborne aquifer.... 7.8x107* 2.5x1073
Middle Claiborne aquifer... 5.2x107* 2.5x1073 ---
Lower Claiborne-upper
Wilcox aquifer........... 5.7x107* 10.15
Middle Wilcox aquifer...... 1.7x1073 5.2x1073
! Specific yield assigned in outcrop area.
mineralized water. The general term “saltwater” is used to When the dissolved-solids concentration of water

describe water that is not fresh.

The areal distributions of dissolved-solids concentrations
in water for the aquifers and permeable zones are shown on
plate 2. The maps, modified from Pettijohn and others
(1988), were generated from two types of data: (1) Chemi-
cal analyses of water where dissolved-solids concentrations
are less than 10,000 mg/L, and (2) borehole geophysical log
interpretations where concentrations are equal to or greater
than 10,000 mg/L. Because concentrations of dissolved
solids vary with depth within a given aquifer or permeable
zone, a depth-integrated average  dissolved-solids
concentration was calculated for each 100-mi’ grid block
(regional grid, fig. 2) in order to construct the maps (Petti-
john and others, 1988).

Dissolved-solids concentrations generally increase in a
downdip, gulfward direction. For most of the units, particu-
larly the coastal lowlands permeable zones, dissolved-solids
concentrations are higher in the west than in the east.
Dissolved-solids concentrations range from less than 500
mg/L for nearly all of the units to 150,000 mg/L in a down-
dip area of permeable zone E (pl. 2). The areal extent of
fresh to slightly saline water (dissolved-solids concentration
less than 2,000 mg/L) is particularly small in permeable
zone E and in the upper Claiborne aquifer (pl. 2). This
small area is apparently due, at least in part, to the proxim-
ity of zone E confining unit and to the intervening, poorly
permeable Vicksburg-Jackson confining unit; thus, there is a
restricted and sluggish flow system for permeable zone E
and the upper Claiborne aquifer.

approaches about 10,000 mg/L, the greater density of the
water will begin to substantially affect its flow characteris-
tics within the aquifer system. The technical aspects of
variable-density ground-water flow are explained by Kuiper
(1985), whose model was used to simulate the flow system.
Density of water in the aquifers and permeable zones was
calculated by using a linear relation between density and
dissolved-solids concentration (J.S. Weiss, U.S. Geological
Survey, written commun., 1985). Density was corrected for
the effects of mean water temperature and hydrostatic pres-
sure at each grid block (A.K. Williamson, U.S. Geological
Survey, written commun., 1987) before inclusion into the
variable-density flow model. Grid-block values of density
estimated for aquifers and permeable zones were assigned to
subjacent confining units for modeling purposes. A statisti-
cal summary of water density (corrected for temperature and
pressure) is given in table 6. Mean values range from 1.001
g/cm® for the lower Claiborne—upper Wilcox aquifer to
1.027 g/cm? for zone D confining unit.

REGIONAL FLOW SYSTEM

The predevelopment flow system was described in detail
by Ryder (1988). He presented simulated predevelopment
potentiometric-surface maps for each aquifer and permeable
zone discussed herein.  Further model calibration has
resulted in considerably less flow in the simulated
predevelopment flow system than was previously reported
but little change in the simulated potentiometric surfaces.
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TABLE 6.—Estimated density of water in the hydrogeologic units of the Texus Gulf Coast aquifer systems

Water density at atmospheric pressure,

Aquifer, 20°C
permeable zone, or (grams per cubic centimeter)
confining unit Mean Minimum Maximum

Permeable zone A........... 1.004 0.995 1.029
Permeable zone B........... 1.006 .995 1.048
Permeable zone C........... 1.019 .994 1.069
Zone D confining unit...... 1.027 .997 1.068
Permeable zone D........... 1.019 .994 1.087
Zone E confining unit...... 1.024 .995 1.087
Permeable zone E........... 1.020 .990 1.072
Vicksburg-Jackson

confining unit........... 1.016 .990 1.072
Upper Claiborne aquifer.... 1.011 .988 1.047
Middle Claiborne

confining unit........... 1.010 .988 1.047
Middle Claiborne aquifer. 1.003 .990 1.046
Lower Claiborne

confining unit........... 1.003 .994 1.046
Lower Claiborne-upper

Wilcox aquifer........... 1.001 .988 1.020
Middle Wilcox aquifer...... 1.005 .989 1.047

The newer flow values are presented, including a map (pl. 3)
of recharge and discharge in the outcrop areas and a sum-
mary of vertical flow components for each layer. Changes
in the simulated flow system from predevelopment to 1982
are described, and a quantitative analysis of the simulated
regional flow system for 1982 is presented.

PREDEVELOPMENT STEADY-STATE FLOW SYSTEM

The flow system prior to development is assumed to be a
steady-state system in which inflow from the recharge areas
is equal 1o outflow in the discharge areas. There is no net
accretion to or release of water from storage in the aquifer

systems. The assumption of steady state seems reasonable
over long-term conditions. Climatic changes, sea-level
changes, and tectonic movements that may have been occur-
ring over the past hundreds or thousands of years have been
neither rapid nor significant enough to preclude the
establishment of steady-state conditions.

CONCEPTUAL MODEL OF SYSTEM

Water in the Texas Gulf Coast aquifer systems generally
originates as precipitation that falls on the outcrops of the
various hydrogeologic units. Most of the precipitation is
returned to the atmosphere by evaporation and by plant
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transpiration. Much of the remaining precipitation runs into
streams that drain into the Gulf of Mexico, while a small
amount, on the order of a few inches per year, infiltrates to
the water table in topographically high parts of the outcrops.
After reaching the water table, most of the water moves
downgradient for relatively short distances and is discharged
in topographically low areas in the outcrop in the form of
evapotranspiration, seepage, and stream baseflow. A smaller
but significant part of the water enters a deeper confined
part of the aquifer where vertical-head gradients cause
upward or downward leakage into adjacent units.

A variation of the above conceptual model occurs in the
southwestern part of the study area. Westward from a line
through Corpus Christi and San Antonio, average annual
precipitation ranges from about 30 to about 21 in. In this
area of lesser precipitation, many of the streams are inter-
mittent, and streamflow that does occur is often a source of
recharge to the aquifers. Although springs and seeps gener-
ally are not visible, it is probable that a small, net
ground-water discharge occurs in topographically low areas.
Ground water is discharged principally by evapotranspira-
tion in this part of the study area, primarily by phreato-
phytes, such as pecans, salt cedars, and mesquite.

The conceptual model of the aquifer systems consists of
four aquifers, five permeable zones, and six confining units
(fig. 8). The water table in the uppermost 150 ft of the
outcrop arcas of the units functions as a source/sink; it is
assumed to be at a constant altitude and provides recharge to
and discharge from the deeper parts of the flow system. The
relation between the conceptual model of the system and the
digital model also is shown in figure 8. The construction of
the digital model was discussed in detail by Ryder (1988)
and is summarized in the section on “Model Documenta-
tion.”

RECHARGE AND INTERAQUIFER LEAKAGE

Simulated values of recharge and discharge in the outcrop
areas of the hydrogeologic units under predevelopment con-
ditions arc shown on plate 3. The pattern of recharge and
discharge is a reflection of topography; recharge occurs on
topographically high areas, and discharge occurs in the
stream valleys, low-lying coastal areas, and in the gulf. The
highest values of recharge, 1 to 3 in./yr, were simulated over
relatively small areas. Generally, values of recharge and
discharge are between 0 and 1 in./yr. The average recharge
in the study area is 0.34 in./yr. Because the discharge arca
is larger, the average discharge rate is only 0.18 in/yr. A
more detailed discussion of the technical aspects of recharge
and interaquifer leakage is in Ryder (1988, p. 102-103).

A summary of the upward, downward, and net vertical
flow rates for the outcrop and downdip parts of each aquifer
and permeable zone is given in figure 9. The rates are for
the study area only. The net leakage is always upward into

the overlying unit. Net leakage rates range from nearly zero
out of the lowermost unit to 24 million ft*/d into the upper-
most unit.

Simulation indicates a total recharge in the outcrop arcas
of 85 million ft*/d. The middle Claiborne aquifer receives
the largest share, 16 million ft*/d, closely followed by per-
meable zones B, A, and C with 15, 13, and 13 million ft¥/d,
respectively (fig. 9). Because steady-state conditions are
assumed, the total recharge rate of 85 million ft¥/d is offset
by an equal rate consisting of discharge in the outcrop (79
million ft3/d) and net lateral flow out of the study areca (6
million ft*/d). Of the discharge in the outcrop areas, perme-
able zone A was simulated as discharging the most—37 mil-
lion ft}/d or nearly 50 percent of the total. Factors that
account for the large rates of recharge and discharge in per-
meable zone A are its relatively large outcrop area and its
relatively large values of vertical and horizontal hydraulic
conductivity.

FLOW SYSTEM, PREDEVELOPMENT TO 1982

A digital ground-water flow model was calibrated for
transient conditions, predevelopment to 1982, and is
discussed in detail in the section on “Model Documen-
tation”  Some model input data and results are pre-
sented here to quantify changes in the flow system
from predevelopment to 1982 and to provide a quanti-
tative description of the regional flow system in 1982.

GROUND-WATER DEVELOPMENT

The estimated average pumping rates for selected time
intervals for 1910-82 are shown in table 7 (for modeling
purposes, no significant regional development prior to 1911
is assumed). The pumping rates were relatively small and
constant from 1911 to the late 1930’s; rates nearly doubled
during the 1940’s and doubled again during the 1950’s.
Increases in pumping rates were smaller after 1957, and a
leveling-off of rates is apparent after 1968.

Cumulative volumes of withdrawal, net recharge, and
release of water from storage in the Texas Gulf Coast aqui-
fer systems are shown in figure 10. These values are simu-
lated by the model for the period 1910-82. By 1982, an
estimated 3.2 trillion ft* of water had been withdrawn from
the aquifer systems. Of this, 2.4 trillion ft* or 75 percent
had been derived from recharge, and 0.8 trillion ft® or 25
percent had been derived from storage in aquifers and com-
pacting clay beds.

The withdrawal distribution for 1980 was used for the
simulation periods 1977-81 and 1982. Details of the with-
drawal estimates are in the section on “Model Documenta-
tion” under “Hydrologic Input Data” In 1980, total
withdrawal from the aquifer systems in the study area was
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FIGURE 28.—Ground-water levels in well 37, Nacogdoches County, Texas. Well location is shown in figure 13.

earlier years and became more gradual until the 1980’s,
when there appears to have been no further decline (fig. 28).

The pumping rate from the lower Claiborne—upper Wilcox
aquifer in model subarea I (fig. 13) was estimated at 8 mil-
lion ft*/d for 1982 (fig. 21). More than one-half of this with-
drawal was in the Lufkin-Nacogdoches area. Of the 8
million ft*/d of withdrawal, model results indicate that 25
percent is derived from decrcase in aquifer storage, and the
remainder is derived equally from recharge in outcrop areas
and net downward leakage from the middle Claiborne
aquifer.

OTHER AREAS

Intensive ground-water development has occurred in some
areas without causing large, extensive cones of depression
and without the threat of adverse effects, such as significant
land-surface subsidence or aquifer dewatering. Two such
areas are the Bryan—College Station area and most of Orange
County.

BRYAN-COLLEGE STATION AREA

The Bryan—College Station area is along the Brazos River
and includes parts of Brazos, Burleson, and Robertson Coun-
ties (fig. 13). Considerable amounts of ground water are
pumped in this area for irrigation and municipal supplies
(fig. 14). The water is being withdrawn from several aqui-
fers, which has minimized drawdowns in any single unit.
The Yegua Formation (upper Claiborne aquifer, table 2)
crops out in a belt that runs through the Bryan—College Sta-
tion area, and the Sparta Sand (table 2) crops out just north
of the Brazos County line. Texas Agricultural and Mechani-
cal University (Texas A&M) at College Station has pumped
water from the Yegua Formation since the institution’s estab-
lishment in 1886. By the 1970’s, Texas A&M, College Sta-
tion, and Bryan were all using water from wells in the Sparta

Sand and Wilcox Group (table 2). In 1970, Bryan was the
largest user of ground water for public supply in Brazos and
Burleson Counties (Follett, 1974).

In 1948, irrigation with water from the Brazos River allu-
vium began in Robertson County (Hughes and Magee, 1962,
p. 1). Little water was pumped from the alluvium prior to
this date. But the drought of the early 1950’s led to the
search for additional quantities of water for irrigation on the
flood plain (Cronin and Wilson, 1967, p. 1). From 1950 to
1964, the number of irrigation wells pumping from the allu-
vium increased at a rapid rate. Withdrawal for irrigation
decreased from 1964 to 1969, as Brazos County increased its
surface-water use (Follett, 1974, p. 26). Approximately 98
percent of the ground water used for irrigation is pumped
from the flood-plain alluvium, but no ground water is
pumped from the alluvium for municipal uses.

By 1961, the water levels in the flood-plain alluvium had
probably recovered from the intense pumping during 1950 to
1957 (Follett, 1974). Then, from 1961 to 1971, the water lev-
els again declined in the flood-plain alluvium northwest of
Bryan. According to Cronin and Wilson (1967, p. 32), the
decline may have been the result of withdrawals from the
underlying Sparta Sand (table 2), which is in direct hydraulic
connection with the alluvium. Withdrawal from the Sparta
Sand reduced the artesian pressure, which may have caused
water from the alluvium to move downward in response to
the change in head.

ORANGE COUNTY

The development of ground water in Orange County, in
southeast Texas (fig. 13), began relatively slowly. From
1910 to 1940, ground water was pumped for public supply,
sawmills, railroads, and oil and gas production. By 1941,
total ground-water withdrawal was only 2.6 Mgal/d (Wessel-
man, 1965, p. 27). The principal source of water in this area
is from the lower part of the Chicot aquifer (permeable zone
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B, table 1). In the early 1900’s, prior to large-scale with-
dr.v ., the deep wells had large artesian flows. In the city
of Orange, the heads in the lower part of the Chicot aquifer
were estimated to be about 25 to 30 feet above sea level
(Wesselman, 1965, p. 28). The artesian pressure decreased
as more wells were drilled and withdrawals increased. The
demand for water increased during World War II, and by
1950 the declining heads caused all the deep wells to stop
flowing (Wesselman, 1965, p. 28). Because of increased
withdrawal and below-normal rainfall, the potentiometric
surface in 1962 was below sea level throughout most of the
county. The largest declines have been in the southeastern
part of the county, an area of moderate to large industrial
withdrawal. Water levels rose throughout most of the county
between 1980 and 1985 because of a decrease in withdraw-
als. Ground-water levels in the city of Orange recovered as
much as 14 ft (Bonnett and Williams, 1987, p. 24).

In the coastal area of Orange County, there is the potential
for vertical (upconing) and lateral encroachment of saltwater.
Upconing is likely to occur when sand beds containing salt-
water are not separated by clay beds from the freshwater
sands. In some areas of Orange County, thin layers of clay
separate the freshwater sands from sands containing
saltwater. Increased withdrawal from 1963 to 1980 led to an
increase in chloride concentrations in wells in an industrial
area near the city of Orange. The upconing is directly
related to pumping and is evident when wells with high chlo-
ride concentrations are surrounded by wells with lower chlo-
ride concentrations (Bonnet and Williams, 1987, p. 16-22).
Movement of saltwater updip, toward the center of pumping,
has also been observed in the lower part of the Chicot aqui-
fer (table 1) in southeastern Orange County (Gabrysch and
McAdoo, 1972, p. 10). From 1980 to 1984, the decreases in
withdrawals have caused chloride concentrations to stabilize
throughout the county.

Land-surface subsidence, resulting from decreased artesian
pressures, has been measured in the area. Some parts of
eastern and western Orange County have experienced more
than 0.5 ft of land-surface subsidence in the years 1900 to
1975 (Carr and others, 1985, fig. 25). This subsidence is
much less than the amount measured in the Hous-
ton-Galveston area.

POTENTIAL FOR GROUND-WATER
DEVELOPMENT

In the previous section, the history of development was
described for the more intensively pumped areas along with
some of the problems associated with that development.
There has been little development in a large part of the study
area, and large quantities of ground water are available for
various uses.

REGIONAL AQUIFER-SYSTEM ANALY SIS—GULF COASTAL PLAIN

The availability of ground-water supplies will depend on
the amount of withdrawal that can be sustained without
exceeding acceptable limits of (1) water-level declines, (2)
land-surface subsidence, (3) saltwater encroachment at the
coast, (4) contamination from saltwater in adjacent beds or
from downdip, and (5) reduced streamflow.

Reports that include a regional description of
ground-water use and availability, projected ground-water
requirements, and potential problems associated with future
development include those by the Texas Department of Water
Resources (1984a, 1984b, 1985), and Baker and Wall (1976).
A common characteristic of problem areas is that large
ground-water withdrawal is concentrated in small areas.
Some general ways to reduce withdrawal and the potential or
existing adverse effects of withdrawal are (1) water-conser-
vation practices, (2) construction of reservoirs and more
dependence on surface-water supplies, (3) relocation of well
fields and spreading the withdrawal over a larger area, (4)
importation of water from nonproblem areas, (5) artificial
recharge, and (6) desalination of salty ground water.

Pumping from older units that are farther inland can mini-
mize land-surface subsidence and saltwater encroachment. If
the withdrawal is in areas with more abundant precipitation,
the potential for recharge is greater, and aquifer dewatering
is less likely to be a problem.

Fresh ground-water use for 1985 and projected use for
2000 and 2030 are shown for selected counties in the study
area (fig. 29). The projections, made by the Texas Water
Development Board, are tentative and undergo constant revi-
sion and updating depending on the many changing technical
and socioeconomic factors. Ground-water use in eight of the
nine most intensively pumped counties in 1985, namely Har-
ris, Wharton, Zavala, Jackson, Frio, Jasper, Atascosa, and
Colorado, is projected to decrease by 2030 (fig. 29). Total
decrease for the eight counties is expected to be from 872
Mgal/d in 1985 to 392 Mgal/d in 2030, an average decrease
of about 55 percent.

The largest decrease, 143 Mgal/d, is projected for Harris
County (fig. 29), closely followed by a projected decrease of
131 Mgal/d for Wharton County. Harris, Wharton, Jackson,
Jasper, and Colorado Counties are part of a region designated
by the State as the Southeast Texas and Upper Gulf Coast
Region (Texas Department of Water Resources, 1984a, fig.
1). Although total water use is projected to increase in this
region by about 20 percent from 1980 to 2030, ground-water
use is projected to decrease by about 29 percent. According
to the Texas Department of Water Resources (1984a, p. 53),
an increasing dependence on surface-water supplies will be
necessary to prevent further land subsidence and saltwater
encroachment.

Zavala, Frio, and Atascosa Counties are within the Winter
Garden area. In an area designated as the South Central
Texas Region, the Texas Department of Water Resources
(1984a, p. 51) projected shortages of water for irrigation,
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TABLE 10.—Sumumnary of changes in simulated heads and recharge rates resulting from a hypothetical increase in pumping rate, 1983 to 2030,

Texas Gulf Coast aquifer systems

Increase Mean increase
1980 1983-2030 in Mean in recharge
pumping pumping pumping decrease rate in outcrop
Aquifer rate rate rate in head area from
or (million (million (million from 1982 1982 rate
permeable cubic feet cubic feet cubic feet head (inches
zone per day) per day) per day) (feet) per year)
Permeable zone A... 86 121 35 13 0.2
Permeable zone B... 51 84 33 28 .6
Permeable zone C.. 29 63 34 45 .5
Permeable zone D... 4 34 30 98 .5
Permeable zone E... 1 11 10 76 .4
Upper Claiborne
aquifer.......... 2 16 14 48 .5
Middle Claiborne
aquifer.......... 5 51 46 120 .8
Lower Claiborne-
upper Wilcox
aquifer.......... 43 104 61 276 1.1
Middle Wilcox
aquifer.......... 10 64 54 160 .5
The rating of areas in each aquifer and permeable zone is SUMMARY

subjective and is meant only to show areas within a given
aquifer that have relatively more or less potential for addi-
tional large development. The ratings do not necessarily
indicate that a particular aquifer has more potential for devel-
opment than another. For the development potential, it is
generally assumed that saltwater intrusion at the coast and
elsewhere is minimal and within acceptable limits. It is also
assumed that additional land-surface subsidence, as discussed
previously, 1s within acceptable limits. Examination of plate
6 shows that the potential for future development in each
aquifer and permeable zone generally becomes higher from
west to east across the study area.

For the middle Wilcox aquifer, the simulation with the
superimposed withdrawal is significantly affected in the
extreme northeast corner of the study area by nearness to the
no-flow boundary (pl. 6). Testing of the effects of the
no-flow lateral boundaries on the simulations (discussed in
the section on “Model Documentation™) shows that this is
the only area and the only aquifer so affected.

Gulf Coastal Plain sediments as much as scveral thou-
sand feet thick were represented as discrete aquifers, per-
meable zones, and confining units in a multilayered digital
model. The bases for selecting the number of hydrogeo-
logic units (model layers) include practical considerations
of size of the area, objectives of the model study, and com-
puter cost limitations.  Electrical-log interpretations of
lithology and vertical-head differences at major pumping
centers in Texas and Louisiana were used to delineate
hydrogeologic units.

Two aquifer systems are recognized for the Texas Gulf
Coast—the Texas coastal uplands aquifer system and the
coastal lowlands aquifer system. The coastal uplands aquifer
system consists of four aquifers and two confining units in
the Wilcox and Claiborne Groups. The system is bounded
from below by the practically impermeable clays of the Mid-
way Group or by the top of the geopressured zone. The
overlying Vicksburg-Jackson confining unit separates the
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cou-t * uplands and the younger coastal lowlands aquifer
syste: 8. The coastal lowlands aquifer system consists of
five permeable zones and two confining units that range in
age from Holocene to Oligocene. Water quality in the aqui-
fer systems varies from freshwater to brines, with dis-
solved-solids concentrations ranging from a few hundred to
as much as 150,000 mg/L.

In 1980. ground-water withdrawals in the study area, an
area of about 114,000 mi*, were 1.7 billion gal/d. With-
drawal has caused large cones of depression in the potentio-
metric surfaces, particularly in the Houston-Galveston and
Winter Garden areas. where water levels have declined hun-
dreds of feet over large areas since the beginning of develop-
ment.  Inelastic compaction of clays has resulted in
land-surface subsidence of more than 1 ft in an area of about
2,000 mi*. As much as 10 ft of subsidence has occurred in
the Pasadena area east of Houston. Movement of saltwater
toward pumping centers by vertical migration or from down-
dip has caused water-quality problems. The potential for
contamination is greatest along the coastal margins. Saltwa-
ter contamination and land-surface subsidence have
prompted an increasing reliance on surface water for munici-
pal and industrial supplies.

A three-dimensional. variable-density digital flow model
was developed for simulation of predevelopment and tran-
sient flow conditions. The area simulated extends beyond
the study area to include parts of Louisiana and Mexico.
No-flow boundaries were used at the updip and downdip
extent of the hydrologic units and at the eastern and western
limits. A constant-head water-table boundary provides
recharge to the units in their outcrop areas.

The model calibration period was from 1910 (predevelop-
ment) to 1982. Simulated 1982 heads, long-term hydro-
graphs, and land-surface subsidence were matched to
measured data in selected, intensively pumped areas.

Mean horizontal hydraulic conductivity of hydrogeologic
units in the calibrated model ranges from 10 ft/d for the mid-
dle Wilcox aquifer to 25 ft/d for permeable zone A. Mean
transmissivity ranges from about 4,600 ft*/d for the middle
Claiborne aquifer to about 10,400 ft*/d for permeable zone
D. Mean vertical hydraulic conductivity ranges from
1.1x10° fud for the Vicksburg-Jackson confining unit to
3.8x107 fvd for permeable zone A. Mean values of cali-
brated storage coefficient range from 5.2x10™ for the middle
Claiborne aquifer to 1.7x107 for the middle Wilcox aquifer
and permeable zone C. Calibrated inelastic specific storage
values for clay beds in permeable zones A, B, and C in the
Houston-Galveston area are 8.5x107. 8.0x107, and 8.0x10¢
per foot, respectively.

Model results indicate that recharge was the source of
about 76 percent of the discharge in the study area (with-
drawal plus a small net lateral outflow) for 1982; release of
water from aquifer storage and compacting clay beds pro-
vided the remaining 24 percent. The average 1982 recharge

rate for the calibrated simulation was 0.52 in./yr; the average
discharge, not including ground-water withdrawal, was 0.15
in./yr. As much as 6 in./yr of recharge was simulated in the
coastal rice-irrigation area; perhaps as much as 30 percent of
this rate is return flow of ground water that has been pumped
for irrigation.

A combination of intensive withdrawal and low precipita-
tion has caused long-term dewatering of the lower Clai-
borne—upper Wilcox aquifer in the Winter Garden area.
Long-term dewatering of shallow sands was observed in a
well in Jackson County, a part of the coastal rice-irrigation
area where precipitation is more abundant than in the Winter
Garden area. A regional assessment of dewatering in the
coastal rice-irrigation area is precluded because of a lack of
data.

Ground-water use is projected to decline substantially in
most of the study area by the year 2030 as problems such as
saltwater intrusion, land-surface subsidence, and aquifer
dewatering become worse. The digital flow model developed
for this study was used to simulate the flow system to 2030
assuming two pumping scenarios: (1) The 1980 pumping
rate was applied to 1983-2030, and (2) an additional pump-
ing stress of 0.5 Mgal/d per 25 mi* was superimposed on the
1980 pumping rate in those areas where water contains less
than 2,000 mg/L dissolved-solids concentration and the aqui-
fer thickness is at least 25 ft; this rate was used for the
period 1983-2030.

Additional water-level declines, several feet of additional
land subsidence in the Houston-Galveston area, and
increased recharge rates were projected for the year 2030 in
both simulations. The difference between the 2030 heads
generated by the two model simulations, along with other
factors such as aquifer thickness, dissolved-solids concentra-
tion of water, and recharge potential provided the criteria for
rating areas within the aquifers and permeable zones as hav-
ing relatively more or less potential for future development.
The potential for future development in each aquifer and per-
meable zone becomes higher from west to east across the
study area.

Permeable zone A has the highest potential for develop-
ment of additional large ground-water supplies. Because it
crops out over its entire landward extent, recharge is gener-
ally always nearby and water-level declines are not large.
The potential for development is also high for large areas of
permeable zones B and C. Areas for potential development
are small for permeable zones D and E and for the upper
Claiborne aquifer, largely because these units contain rela-
tively little freshwater. The middle Claiborne, lower Clai-
borne—upper Wilcox, and middle Wilcox aquifers have some
potential for development, mostly in the eastern areas.

Some general ways to reduce ground-water withdrawal or
the adverse effects of withdrawal are (1) water conservation
practices, (2) construction of reservoirs and more dependence
on surface-water supplies, (3) relocation of well fields and
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spreading the withdrawal over a larger area, (4) importation
of water from nonproblem areas, (5) artificial recharge, and
(6) use of desalinated ground water.
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MODEL DOCUMENTATION

INTRODUCTION

The calibration of the digital model that was used to
describe and quantify the regional and subregional flow sys-
tems in previous sections of the report is detailed in this sec-
tion. Because the details of the predevelopment digital flow
model were presented in a previous report (Ryder, 1988),
only a brief summary of the updated predevelopment model
calibration is presented. The transient-model calibration
includes additional data, such as pumping rates, development
heads, and storage coefficients; thus a detailed discussion
follows.

A numerical model developed by Kuiper (1985) was used
to simulate the ground-water flow system. The model simu-
lates variable-density ground-water flow in three dimensions.
The ground-water density is variable in space but is assumed
to be constant in time. Horizontal and vertical flow is com-
puted for aquifers and permeable zones, and vertical flow is
computed for confining units. The model utilizes an inte-
grated finite-difference grid, wherein the six-sided grid
blocks are rectangular when viewed from the vertical direc-
tion. The sides of the blocks are vertical planes, but their top
and bottom surfaces follow the curvature of the hydrogeo-
logic units (Kuiper, 1985). The strongly implicit procedure
(SIP) was selected for solving the approximating flow equa-
tions. Kuiper (1985) presented a complete documentation of
the model, including detailed instructions for the use of the
computer program.

A numerical technique used to simulate land-surface sub-
sidence and release of water from storage resulting from
compacting fine-grained sediments was obtained from Leake
and Prudic (1989). The technique for the simulation of com-
paction and land subsidence was incorporated into the model
by L.K. Kuiper (U.S. Geological Survey, written commun.,
1987).

DIGITAL MODEL OF PREDEVELOPMENT
STEADY-STATE FLOW SYSTEM

As stated previously, further model calibration resulted in
substantial differences in simulated aquifer and confin-
ing-unit properties and consequently in simulated flow com-
pared to the preliminary model results reported in Ryder
(1988). However, statistical analyses of the residual errors
(simulated aquifer heads minus measured aquifer heads) as
shown in table 8§ are similar to those previously reported in
Ryder (1988, table 6). This similarity in simulated heads
and difference in simulated flow rates results because the
steady-state calibration does not provide a unique solu-
tion. When the distribution and amount of both recharge

and discharge and the distribution of vertical and horizon-
tal hydraulic conductivities are unknown, the calibration of
a steady-state model to a set of water levels provides a
solution, which may or may not be correct. Proportion-
ately changing all values of hydraulic conductivities will
result in the same set of simulated heads, but the flow
through the system will be different because it is propor-
tional to the assigned hydraulic conductivity values.

Residuals (table 11) range from a minimum value of —187
ft for permeable zone D to a maximum value of 184 ft for
the lower Claiborne—upper Wilcox aquifer. Residuals are
largest for the lower Claiborne—upper Wilcox aquifer, with a
standard deviation of 47 ft and an absolute mean of 53 ft.
Permeable zone A has the smallest residuals, with a standard
deviation of 12 ft and an absolute mean of 9 ft. For the
combined aquifers and permeable zones, the standard devia-
tion is 40 ft and the absolute mean is 30 ft.

The statistical analyses show that when the changed verti-
cal and horizontal hydraulic conductivities, necessitated by
the transient-model calibration, are incorporated into the pre-
development, steady-state model, the predevelopment-model
calibration is statistically about the same as the original
calibration.

DIGITAL MODEL OF TRANSIENT FLOW SYSTEM,
PREDEVELOPMENT TO 1982

Transient-model simulations allow for ground-water levels
and flow to change with time in response to changes in the
amount of recharge and discharge caused by man-induced
stresses such as pumpage. Transient ground-water flow was
simulated for the period 1910-82 to determine the effects
caused by pumpage on water levels and flow in the aquifer
systems. Initial water levels for 1910 were assumed to be
equal to the predevelopment heads generated from the cali-
brated steady-state model. Ground-water pumpage was
added as a discharge and averaged over periods ranging from
1 to 27 yr. Estimates of storage coefficients were added to
the model and were adjusted during model calibration along
with the values of vertical and horizontal hydraulic conduc-
tivity.  Calibration was achieved when model-computed
water levels reasonably matched selected hydrographs of
wells and areally distributed water levels as measured in
1982. In areas of known land subsidence, the inelastic spe-
cific storage values of clays were adjusted until the amount
and distribution of simulated land subsidence reasonably
matched measured land subsidence.

MODEL GRID AND BOUNDARY CONDITIONS

The model finite-difference grid superimposed on the
modeled area and study area is shown in figure 35. The grid
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TABLE t1.—Summary of simulated and measured predevelopment altitudes of potentiometric surfaces, Texas Gulf Coast aquifer systems
[Residual error, simulated aquifer head minus measured aquifer head]

Total grid Absolute
Aquifer or blocks with Mean of Minimum Maximum  Standard mean of
permeable measured residuals residual residual deviation residuals
zone heads (feet) (feet) (feet) (feet) (feet)
3 4,588 12 -187 184 40 30
Permeable zone A... 621 2 -59 37 12 9
Permeable zone B. 906 9 -69 54 20 17
Permeable zone C... 495 6 -148 115 34 25
Permeable zone D... 259 -29 -187 103 46 43
Permeable zone E... 68 -18 -104 77 31 27
Upper Claiborne
aquifer.......... 136 29 -33 149 39 34
Middle Claiborne
aquifer.......... 544 13 -59 129 41 34
Lower Claiborne-
upper Wilcox
aquifer.......... 596 47 -84 184 47 53
Middle Wilcox
aquifer.......... 963 16 -97 172 44 37

consists of 106 rows and 77 columns uniformly spaced 5 mi
apart. The modeled area extends beyond the study area to
include parts of Louisiana and Mexico and has an areal
extent of 149,000 miZ.

The general direction of ground-water flow prior to devel-
opment was nearly parallel to the eastern and western bound-
aries of the study area; the flow paths followed the dips of
the aquifers toward the Gulf of Mexico. Little flow could be
expected to enter or leave the study area under predevelop-
ment conditions or where there has been little development,
and the lateral boundaries of the model are designated as
no-flow boundaries.

However, intensive development in the Lake Charles area
of southwestern Louisiana has caused a substantial amount
of flow across the Texas-Louisiana border in the uppermost
coastal lowlands permeable zones. Primarily for this reason,
the eastern no-flow boundary was allowed to follow row 1 of
the grid into southeastern Louisiana so that it increases to a
maximum distance of about 195 mi from the Texas-Louisi-
ana border (fig. 35).

The validity of retaining the lateral no-flow boundaries for
the transient-model calibration was tested by placing con-
stant heads in the grid blocks just inside the no-flow bound-
aries. The constant heads were placed along the lateral
edges in all layers, and the altitudes assigned to the constant
heads were the starting heads (predevelopment) for the tran-
sient calibration. The transient predevelopment-to-1982 sim-
ulation was made with the new boundaries, and the resulting
simulated 1982 heads were compared to the 1982 heads sim-
ulated by the transient calibration. For all layers, the head
changes at the boundaries of the study area were small in
comparison to the residual errors (differences between simu-
lated and measured heads) present in the model calibration.
Thus, designation of the lateral boundaries as no-flow bound-
aries had no significant effect on the transient-model
calibration.

Another test of the no-flow lateral boundaries was made
for the simulation involving the superposition of additional,
hypothetical pumpage on 1980 pumping rates, and continu-
ing the simulation to the year 2030. For this simulation,
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FIGURE 35.—Finite-difference grid superimposed on the modeled area and the Texas Gulf Coast study area.

the constant-head lateral boundaries as described above
were in effect for the entire simulation period—predevelop-
ment to 2030. Differences in head caused by the changed
boundary conditions were analyzed for all model layers.
The heads in the middle Wilcox aquifer were significantly
affected in the extreme northeastern corner of the study
area (pl. 6). Head changes elsewhere for all other layers
were small and of little consequence.

The base of the flow system is a no-flow boundary, which
represents the top of the Midway confining unit, a thick
deposit of nearly impermeable marine clays, or the top of the
geopressured zone where it occurs above the top of the Mid-
way confining unit. Abnormally high pressures in the
geopressured zone apparently are the result of greatly
reduced permeability, which, in turn, precludes the possibil-
ity of significant flow out of this zone.
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TABLE 13.—Pumping periods and average pumping rates for digital model
simulation, Texas Gulf Coast aquifer systems

Average pumping rate

Pumping  Time (million (million
period interval cubic feet  gallons
per day) per day)
T 1910 0 0
2 1911-37 34 254
K 1938-47 62 464
4. 1948-57 122 913
NI 1958-62 156 1,167
6...... 1963-67 189 1,414
Tevoee 1968-72 221 1,653
8. 1973-76 222 1,661
9....... 1977-81 231 1,728
10....... 1982 231 1,728
HYDROLOGIC INPUT DATA

Starting heads for the transient model are the calibrated
predevelopment heads. Initial estimates of hydraulic
conductivity were determined from the steady-state model.
Water density was estimated as discussed earlier; it was not
adjusted during model calibration. Thicknesses of the units
were discussed in detail in Ryder (1988).

In general, pumping periods for the model were chosen on
5-yr intervals to coincide with irrigation pumpage surveys
done by the State approximately every 5 years beginning in
1958 (Texas Water Development Board, 1986). Public and
industrial pumpage data are more accurate than irrigation
pumpage data and are generally available on an annual or
more frequent basis from State and local files and from pub-
lished reports. Average public and industrial pumping rates
were calculated for the appropriate pumping periods.

Pumping rates prior to 1958 were estimated from histori-
cal pumpage data found in various published reports. These
data were less comprehensive and sometimes less accurate
than post-1958 rates, particularly in regard to irrigation
pumpage. Longer pumping periods were selected for the
pre-1958 simulations.  For the Houston-Galveston area,
detailed records of public and industrial pumpage showed a
significant shift in pumpage distributions after 1976. Thus a
4-yr pumping period was selected for 1973-76. A

single-year pumping period was chosen for 1982 to quantify
the flow system for that year.

The locations and depths of the pumping wells were used
to assign pumpages to 5-mi grid blocks for the appropriate
model layers. As an example, the 1980 grid-block distribu-
tions of pumping rates that are applicable for 1977-82 are
shown on plate 4. The pumping periods for the model and
average pumping rates for the study area are summarized in
table 13. A complete description and listing of pumpage
data by State, county, model layer, and 5-mi grid block are
given in Mesko and others (1990) for the Gulf Coast RASA
study.

During the calibration process, simulated heads are
matched to measured heads. Two forms of measured-head
data were compiled for calibration purposes: )
Potentiometric-surface maps in four intensively pumped
areas (areas 1, 3, 4, and 5, fig. 13) for 1982, the final year of
the calibration period; and (2) hydrographs from 39 wells in
six intensively pumped areas (fig. 13) that show water-level
changes with time. Water-level data were obtained from the
files of the Texas Water Development Board and Texas Water
Commission (formerly the Texas Department of Water
Resources) and the U.S. Geological Survey, and from pub-
lished reports and maps.

The water levels that were selected to construct the 1982
potentiometric-surface maps generally are averages of the
measurements in the wells for the time period beginning in
June 1981 and ending in June 1983.  Only single
measurements that were made in the spring of 1982 were
used for many wells; these wells provided supplementary
data in areas where more detailed measurements were sparse.
The water-level data were plotted, and potentiometric con-
tours were drawn only through areas where a sufficient num-
ber of measurements existed. From the potentiometric
contour maps, average head values for each 25-mi® grid
block were determined for statistical comparison with simu-
lated heads.

The wells for which hydrographs were constructed were
selected on the following basis: (1) Even coverage of the
major producing zones in the intensively pumped areas, (2)
even distribution within the cones of depression, and (3)
long-term record.

Initial estimates of storage-coefficient values for aquifers
and permeable zones were discussed in the earlier section,
“Storage Coefficient.” The release of water by inelastic com-
paction of fine-grained deposits in permeable zones A, B,
and C makes up a large percentage of total water released
from storage during the transient simulations. This release
of water also causes land-surface subsidence that was briefly
discussed earlier. A digital model code incorporated from
Leake and Prudic (1989) provides for the release of water by
inelastic compaction of fine-grained deposits by converting
from an elastic to an inelastic specific storage. This conver-
sion is done for the clay part of a permeable zone when the
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head '~ a grid block declines below the critical head. The
criiv... head is defined as the head that coincides with the
maximum effective stress to which the deposits had previ-
ously been subjected.

If the computed head in a grid block recovers, the storage
coefficient again becomes the elastic value, and the previous
minimum head becomes the new critical head. If the head
should decline below the new critical head, the storage coef-
ficient again becomes the inelastic value, and so on. Simu-
lated land-surface subsidence is the product of head decline
below the critical head in each time step multiplied by the
inelastic storage coefficient. Leake and Prudic (1989) gave a
complete discussion and documentation of the land-subsid-
ence simulation code, with qualifying assumptions and
limitations.

Carr and others (1985, p. 45) concluded from a model cal-
ibration in the Houston area that a preconsolidation stress of
70 ft approximates the maximum effective stress to which
deposits have been subjected prior to ground-water develop-
ment. Thus, 70 ft of head decline (from predevelopment
starting heads) must occur at a model grid block before the
first model conversion to an inelastic storage coefficient
occurs. A critical head of 70 ft was adopted for the Texas
Gulf Coast RASA model.

Carr and others (1985, p. 35) related subsidence of the
land surface, clay thickness, and decrease in artesian pressure
for 1943-73 to derive inelastic storage-coefficient values of
the clay beds in the Houston area. In their computations,
specific unit-compaction values were derived. These values
are an approximation of specific storage if the resulting com-
paction approximates the ultimate compaction from an
applied stress. Mean specific unit-compaction values were
1.0x10* per foot for the Chicot aquifer and 1.8x10 per foot
for the Evangeline aquifer. In an earlier study in the Hous-
ton area, Meyer and Carr (1979, p. 13) calculated a mean
specific unit-compaction value of 8.7x107 per foot for the
Chicot aquifer and 1.5x107 per foot for the Evangeline aqui-
fer. These values were used as guidelines for initial esti-
mates of inelastic storage coefficient for the clay intervals of
permeable zones A, B, and C. (See table 1 for the relation-
ship between the Chicot and Evangeline aquifers and perme-
able zones A, B, and C.)

CALIBRATION PROCEDURE AND RESULTS

The transient model was calibrated by adjusting horizontal
and vertical hydraulic conductivity and elastic and inelastic
storage coefficients until (1) measured potentiometric sur-
faces and hydrographs in intensively pumped areas were rea-
sonably matched by simulated heads, and (2) the cumulative
measured land-surface subsidence in the Houston-Galveston
area from predevelopment to 1973 was reasonably matched
by simulated land subsidence. Calibration was aided by
applying the results of a parameter-estimation model (L.K.
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Kuiper, U.S. Geological Survey, written commun., 1987),
which automatically adjusts values of model variables so that
the residual errors are minimized.

The Houston-Galveston area is shown as area 1 in figure
13. Simulated and measured 1982 potentiometric surfaces of
permeable zones A, B, and C in the Houston-Galveston area
are shown on plate 7. The best fit of the simulated to the
measured surfaces is for permeable zone B. The simulated
potentiometric surface of permeable zone A is generally
higher than the measured surface, while the simulated sur-
face of permeable zone C is lower than the measured surface
in the center of the cone of depression. Statistically, the
absolute means of the residuals are 34 ft for permeable zone
A, 25 ft for permeable zone B (includes residuals in the
Kingsville area), and 35 ft for permeable zone C (includes
residuals in the Evadale area) (table 14).

Hydrographs of water levels in wells 1, 2, 9, and 11 (fig.
13), which are open to permeable zone A in the Hous-
ton-Galveston area, are shown on plate 7. Wells 1 and 2 are
on the northwestern rim of the 1982 cone of depression, well
11 is on the southern rim, and well 9 is near the center of the
cone. Residual errors for the water levels are computed as
the difference between simulated and measured where both
exist at the end of a pumping period. The absolute means of
the water-level residuals for wells 1, 2, 9, and 11 are 7, 9,
36, and 40 ft, respectively (table 15).

Hydrographs of water levels in wells 4, 7, 8, 12, and 10
(fig. 13) open to permeable zone B in the Houston-Galveston
area are shown on plate 7. Wells 4, 7, and 8 are near the
center of the 1982 cone of depression, well 10 is on the east-
ern rim, and well 12 is on the southeastern rim. The abso-
lute means of the water-level residuals for wells 4, 7, 8, 12,
and 10 are 22, 23, 55, 52, and 73 ft, respectively (table 15).

Hydrographs of water levels in wells 3, 5, and 6 (fig. 13)
open to permeable zone C in the Houston-Galveston area are
shown on plate 7. The wells are in the steep part of the
1982 cone of depression and are fairly well distributed about
its center. The absolute means of the water-level residuals
for wells 3, 5, and 6 are 49, 36, and 63 ft, respectively (table
15).

Hydrographs of water levels in wells 13, 14, and 15 open
to permeable zone A in Jackson and Wharton Counties are
shown on plate 7. All three wells are near intensive pump-
age from permeable zone A for mainly rice irrigation; how-
ever, drawdowns are small in comparison to those in the
Houston area. The absolute means of the water-level residu-
als for wells 13, 14, and 15 are 6, 9, and 6 ft, respectively
(table 15).

The Evadale-Beaumont area is shown as area 3 in fig-
ure 13. Pumpage in Evadale’s well field (at the Jas-
per-Hardin County line) is from zones B and C. The
simulated and measured 1982 potentiometric surfaces of
permeable zone C in the well-field area are shown on
plate 7. The two surfaces are reasonably well matched.
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TABLE 14.—Summary of simulated and measured 1982 altitudes of potentiomerric surfaces, Texas Gulf Coast aquifer systems
[Residual error, simulated aquifer head minus measured aquifer head)

Total grid Absolute
Aquifer or blocks with Mean of Minimum Maximum  Standard mean of
permeable measured residuals residual residual deviation residuals
zone heads (feet) (feet) (feet) (feet) (feet)

Permeable

zone A......... 121 27 -26 108 35 34
Permeable

zone B......... 192 9 -96 72 29 25
Permeable

zone C......... 89 1 -117 91 42 35
Lower Claiborne-

upper Wilcox

aquifer........ 216 17 -75 82 30 30

A water-level hydrograph of well 16 (fig. 13) open to per-
meable zone C and near the center of the 1982 cone of
depression is shown on plate 7. The absolute mean of the
water-level residuals for well 16 is 34 f{t (table 15).

A water-level hydrograph of well 17 (fig. 13), which is
open to permeable zone B and is just north of Beaumont’s
well field at the Jefferson-Hardin County line, is shown on
plate 7. Pumpage in the well field is from permeable zone
B. The absolute mean of the water-level residuals for well
17 is 13 ft (table 15).

The Kingsville area is shown as area 4 in figure 13.
Pumpage in Kingsville’s well field in Kleberg County is
from permeable zone B. A distinctive feature of the sim-
ulated and measured 1982 potentiometric surfaces shown
in figure 37 is the shift of the simulated cone of depres-
sion toward the east. This shift was the result of having
to shift pumpage, which was between grid blocks, to the
bordering eastern grid block. Water-level hydrographs of
wells 18, 19, 20, and 21 open to permeable zone B are
shown in figure 38. Wells 18 and 19 are on the western
rim of the 1982 cone of depression and nearer to the cen-
ter than wells 20 and 21, which are on the eastern rim.
The absolute means of the water-level residuals for wells
18, 19, 20, and 21 are 55, 42, 17, and 22 ft, respectively
(table 15).

The Winter Garden area is shown as area 5 in figure 13.
Pumpage is mostly from the lower Claiborne—-upper Wilcox
aquifer. The 1982 simulated and measured potentiometric
surfaces of the lower Claiborne—upper Wilcox aquifer are
shown on plate 8. The absolute mean of the water-level
residuals for the aquifer in the Winter Garden area is 30 ft
(table 14).

Water-level hydrographs of 15 wells open to the lower
Claiborne—upper Wilcox aquifer in the Winter Garden area
are shown on plate 8. Wells 23, 25, 26, 29, and 32 (pl. 8)
are nearest the center of the huge cone of depression. The
remaining wells are on the flanks of the cone in all directions
from the center. Absolute means of the water-level residuals
for the wells range from 8 ft for well 24 to 83 ft for well 34
(table 15).

The Lufkin-Nacogdoches area is shown as area 6 in figure
13. A steep cone of depression has developed on the poten-
tiometric surface of the lower Claiborne—upper Wilcox aqui-
fer as a result of intense pumpage centered between Angelina
and Nacogdoches Counties. Data do not exist to construct
an accurate postdevelopment potentiometric surface. Hydro-
graphs of water levels in wells 37, 38, and 39 open to the
lower Claiborne—upper Wilcox aquifer in the Lufkin-Nacog-
doches area are shown in figure 39. Wells 37 and 38 are east
of and nearest the pumping center; well 39 is southeast of
the concentrated pumpage. The absolute means of the
water-level residuals for wells 37, 38, and 39 are 53, 91, and
87 ft, respectively (table [5). Simulated heads are much
higher than measured heads in the three wells near the center
of withdrawal.

Simulated and measured cumulative land-surface subsid-
ence in the Houston-Galveston area from predevelopment to
1973 is shown in figure 40. The simulated subsidence tends
to be somewhat less than measured values in the center of
greatest subsidence and somewhat greater in far western
Harris and northeastern Fort Bend Counties. The absolute
mean of the subsidence residuals for the 196 grid blocks is
0.6 ft.
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Absolute Absolute
Aquifer or mean of Agquifer or mean of
Well permeable residuals Well permeable residuals
No. zone (feet) No. zone (feet)
L. Permeable 21.... Permeable
zone A. 7 zone B. 22
2.... Permeable 22.... Lower Claiborne-
zone A. 9 upper Wilcox aquifer. 57
3. Permeable 23.... Lower Claiborne-
zone C. 49 upper Wilcox aquifer. 53
4... Permeable 24.... Lower Claiborne-
zone B. 22 upper Wilcox aquifer. 8
5. Permeable 25.... Lower Claiborne-
zone C. 36 upper Wilcox aquifer. 61
6.... Permeable 26.... Lower Claiborne-
zone C. 63 upper Wilcox aquifer. 54
7. Permeable 27.... Lower Claiborne-
zone B. 23 upper Wilcox aquifer. 10
8. Permeable 28.... Lower Claiborne-
zone B. 55 upper Wilcox aquifer. 26
9.... Permeable 29.... Lower Claiborne-
zone A. 36 upper Wilcox aquifer. 65
10....  Permeable 30.... Lower Claiborne-
zone B. 73 upper Wilcox aquifer. 30
I1... Permeable 31.... Lower Claiborne-
zone A. 40 upper Wilcox aquifer. 9
12.... Permeable 32.... Lower Claiborne-
zone B. 52 upper Wilcox aquifer. 79
13....  Permeable 33.... Lower Claiborne-
zone A. 6 upper Wilcox aquifer. 36
14.... Permeable 34.... Lower Claiborne-
zone A. 9 upper Wilcox aquifer. 83
15.... Permeable 35.... Lower Claiborne-
zone A. 6 upper Wilcox aquifer. 37
16....  Permeable 36.... Lower Claiborne-
zone C. 34 upper Wilcox aquifer. 37
17.... Permeable 37.... Lower Claiborne-
zone B. 13 upper Wilcox aquifer. 53
18.... Permeable 38.... Lower Claiborne-
zone B. 55 upper Wilcox aquifer. 91
19.... Permeable 39.... Lower Claiborne-
zone B. 42 upper Wilcox aquifer. 87
20....  Permeable
zone B. 17
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TABLE 17.—Summary of calibration residual errors for 1982 heads and errors resulting from changes in model variables, Texas Gulf Coast aquifer systems
(KH, horizontal hydraulic conductivity; KV, vertical hydraulic conductivity; S, storage coefficient or specific yield; >, greater than; residual error, simulated
aquifer head minus measured aquifer head]

Grid
blocks
Aquifer with Absolute
or mea- Change in Mean of Minimum Maximum Standard mean of
permeable sured model residuals residual residual deviation residuals
zone heads variable (feet) (feet) (feet) (feet) (feet)
Permeable 121 CALIBRATION...... 27 -26 108 35 34
zone A. 1.5KH............ 34 -32 102 39 41
O.5KH............ 7 -69 87 35 28
1.5KV............ 34 -25 104 35 37
0.5KV............ 5 -69 77 39 35
Densities=1.0.... 24 -39 95 36 34
Densities>1.002
=+0.01......... 24 -38 95 35 34
1.58. ..., 29 -35 101 37 37
0.5S............. 14 -46 84 34 31
Permeable 192 CALIBRATION...... 9 -96 72 29 25
zone B. 1.5KH............ 36 -63 105 33 - 42
0.5KH............ -48 -405 38 64 54
1.5KV............ 12 -94 78 29 25
0.5KV............ -4 -125 62 38 30
Densities=1.0.... 6 -94 73 32 26
Densities>1.002
=+0.01......... 5 -96 72 31 25
1.58. ... .. 24 -82 82 32 34
0.58............. -24 -147 69 39 36
Permeable 89 CALIBRATION...... 1 -117 91 42 35
zone C. 1.5KH............ 40 ~68 137 54 54
O0.5KH............ -84 -454 28 108 87
1.5KV............ 7 -109 90 41 35
0.5KV............ -14 -125 96 46 39
Densities=1.0.... -4 -124 116 44 35
Densities>1.002
=+0.01......... -1 -115 77 41 34
1.58. ... i 20 -68 117 45 38
0.58S. ..., -36 -190 44 51 45
Lower 216 CALIBRATION...... 17 -75 82 30 30
Claiborne- 1.5KH............ 52 -89 114 38 56
upper O0.5KH............ -66 -235 90 61 74
Wilcox 1.5KV............ 36 -50 85 29 39
aquifer. 0.5KV............ -14 -116 78 35 30
Densities=1.0.... 14 -75 81 28 26
Densities>1.002
=+0.01......... 19 -74 83 31 30
1.5 ... i 38 -55 128 33 42

0.5S..... ..t -20 -114 46 30 27
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V*BLE 18.—Summary of calibration residual errors for land-surfuce subsidence and errors resulting from changes in model variables, Texas Gulf
Coust aquifer systems
-~ H, horizontal hydraulic conductivity: KV, vertical hydraulic conductivity; S, storage coefficient; D, initial head decline that must occur before
model converts to inclastic storage value; >, greater than; residual errors, simulated aquifer head minus measured aquifer head]

Grid blocks Absolute
with Mean of Minimum Maximum Standard mean of
measured Change in model residuals residual residual deviation residuals
subsidence variable (feet) (feet) (feet) (feet) (feet)
196....... CALIBRATION..... -0.2 -2.5 2.1 0.7 0.6
1.5KH........... -.6 -3.7 1.6 .8 .8
0.5KH........... .4 -1.2 7.4 1.3 .9
1.5KV........... -.4 -2.8 2.0 .7 T
0.5KV........... .2 -2.0 3.2 .9 .7
Density=1.0..... -.2 -2.5 2.4 .8 .6
Density>1.002=
density+0.01.. -.2 -2.5 2.4 .8 6
1.58.. ... -.02 -1.9 4.5 1.0 7
0.5S. ...t -.5 -3.9 1.3 .8 7
1.5D=105 feet... -.5 -3.2 1.8 .7 7
0.5D=35 feet.... .3 -1.9 3.1 .9 7

simulated and measured predevelopment to 1973 land-sur-
face subsidence increased from a calibrated value of 0.6 ft to
0.8 ft.

A 50-percent decrease in horizontal hydraulic conductivity
results in head departures that are nearly mirror images of
those shown for the 50-percent increase (fig. 41). However,
the departures are larger, with peak departures ranging from
—37 ft for permeable zone A to -350 ft for permeable zone
C. Absolute means of the 1982 head residuals are 28 ft for
permeable zone A, 54 ft for permeable zone B, 87 ft for per-
meable zone C, and 74 ft for the lower Claiborne—upper Wil-
cox aquifer (0.5KH, table 17). The residuals for permeable
zone A are an improvement over the calibration residuals.
The reduced horizontal hydraulic conductivity causes addi-
tional drawdown that is generally needed in the Hous-
ton-Galveston area for an improved calibration. However,
statistical data for the other units shown in table 17 indicate
that the reduced hydraulic conductivity resulted in much
poorer matches of simulated and measured heads. The abso-
lute mean of the land-surface subsidence residuals is 0.9 ft
(0.5KH, table 18).

For the third model sensitivity simulation, the vertical
hydraulic conductivity of all model layers was increased
by 50 percent. Generally, the increase had the same
effect as the increase in horizontal hydraulic conductiv-
ity—to raise the heads above the calibrated heads (fig.
42). Peak departures from calibrated heads are much
smaller, ranging from 11 ft for permeable zone A to 30 ft
for the lower Claiborne-upper Wilcox aquifer. Absolute

means of the 1982 head residuals are 37 ft for permeable
zone A, 25 ft for permeable zone B, 35 ft for permeable
zone C, and 39 ft for the lower Claiborne—upper Wilcox
aquifer (1.5KV, table 17). The absolute mean of the
land-surface subsidence residuals is 0.7 ft (1.5KV, table
18).

A 50-percent decrease in vertical hydraulic conductivity
results in head departures that are nearly mirror images of
those shown for the 50-percent increase (fig. 42). As for
the case with horizontal conductivity, the departures are
larger, with peak departures ranging from -25 ft for perme-
able zone A to —50 ft for the lower Claiborne—upper Wilcox
aquifer. For permeable zone C, there is a rise in heads of
about 10 to 15 ft extending from column 43 to the downdip
limit.

Absolute means of the potentiometric-surface residuals are
35 ft for permeable zone A, 30 ft for permeable zone B, 39 fit
for permeable zone C, and 30 ft for the lower Clai-
borne~upper Wilcox aquifer (0.5KYV, table 17). The absolute
mean of the land-surface subsidence residuals is 0.7 ft
(0.5KV, table 18).

For the fifth model sensitivity simulation, the density of
the water in all model layers was given a uniform value
equal to 1.000 g/cm?®. For permeable zones A, B, and C,
the changed density produced essentially no change from
the calibrated heads where the units originally contained
fresh to slightly saline water (dissolved-solids concentration
less than about 3,000 mg/L) (fig. 43). Farther downdip in
the three zones, the heads departed from the calibrated
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A Lower Claiborne-upper Wilcox aquifer, well 23, Zavala County
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FIGURE 46 —Sensitivity of simulated water levels, 1910-82, to changes in storage coefficient (S), Winter Garden

TABLE 19.—Comparison of measured water levels 1o simulated water levels resulting from changed values for model storage coefficient, Texas

area, Texas.

Gulf Coast aquifer systems

Well No. Absolute mean of residuals (feet)
(figs. Aquifer or Period of 50-percent 50-percent
13, 45, permeable comparison Calibration increase decrease
and 46) zone in storage  in storage

coefficient coefficient

9...... A... 1957-82 36 52 19
T B.... 1947-82 23 45 28
3. C... 1947-82 49 73 23
23...... Lower Claiborne-

upper Wilcox. 1947-82 53 60 40
29..... Lower Claiborne-

upper Wilcox. 1957-82 65 84 33
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