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FOREWORD

THE REGIONAL AQUIFER-SYSTEM ANALYSIS PROGRAM

The Regional Aquifer-System Analysis (RASA) Program was started in 1978
following a congressional mandate to develop quantitative appraisals of the major ground-
water systems of the United States. 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 an important component 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 transcend the political subdivisions to
which investigations have often arbitrarily 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 studies, both to develop an understanding
of the natural, undisturbed hydrologic system and the changes brought about in it 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, and where the volume of interpretive
material warrants, separate topical chapters that consider the principal elements of the
investigation may be published. The series of RASA interpretive reports begins with
Professional Paper 1400 and thereafter will continue in numerical sequence as the
interpretive products of subsequent studies become available.

Charles G. Groat

Director
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CONVERSION FACTORS, VERTICAL DATUM, AND
ABBREVIATED WATER-QUALITY UNITS

For readers who prefer to use metric units, conversion factors for terms used in this report are listed below:

Multiply By To obtain

inch 25.40 millimeter

inch per year (in/yr) 25.40 millimeter per year

foot (ft) 0.3048 meter

mile (mi) 1.609 kilometer

square mile (mi?) 2.590 square kilometer

cubic mile (mi%) 4.168 cubic kilometer

million acre-feet 1,233 cubic hectometer

million gallons per day (Mgal/d) 0.04381 cubic meter per second

billion gallons per day (Ggal/d) 43.81 cubic meter per second

pounds per square inch per 6.895 kilopascal per meter
foot [(Ib/in2)/ft]

Sea level: In this report, “sea level” refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929)—a geodetic datum derived from a general
adjustment of the first-order level nets of the United States and Canada, formerly called Sea Level Datum of 1929.

Chemical concentrations, water density, and temperatures are given in metric units. Chemical concentration is given in milligrams per liter (mg/L) or grams
per liter (g/L). Milligrams per liter is a unit expressing the concentration of chemical constituents in solution as weight (milligrams) of solute per unit volume
(liter) of water. For concentrations of dissolved solids less than 7,000 mg/L, the numerical value is the same as for concentrations in parts per million. Wager
density is given in grams per cubic centimeter (g/cm?). Water temperature is given in degrees Celsius (QC), which can be converted to degrees Fahrenheit ( F) by
the following equation:

-] o
F=18(C)+32



REGIONAL AQUIFER-SYSTEM ANALYSIS—GULF COASTAL PLAIN

GROUND-WATER FLOW IN THE GULF COAST AQUIFER SYSTEMS,
SOUTH-CENTRAL UNITED STATES

By ALEX K. WILLIAMSON AND HAYES F. GRUBB

ABSTRACT

The gulf coast regional aquifer systems comprise one of the largest,
most complicated, and interdependent aquifer systems in the United
States. The Gulf Coast Regional Aquifer-System Analysis (Gulf Coast
RASA) study area encompasses approximately 230,000 square miles
onshore in parts of Alabama, Arkansas, Florida, Illinois, Kentucky,
Mississippi, Missouri, Tennessee, Texas, and all of Louisiana. The aqui-
fer systems (and the study area) extend offshore beneath the Gulf of
Mexico to include an additional 60,000 square miles and are truncated
at the edge of the Continental Shelf. The Gulf Coast RASA study is lim-
ited to coastal plain sediments mostly of Cenozoic age except for the
northernmost part of the area, where it includes Late Cretaceous rocks.
The thickness of the aquifer system increases toward the Gulf of Mex-
ico and exceeds 17,000 feet near the coastline of southeastern Louisi-
ana. The shallower parts of the aquifers contain freshwater, but the
deeper and offshore parts contain mostly mineralized water or brine.

Nearly 10 billion gallons per day of ground water was withdrawn
from the aquifers in 1985; most of the water was for irrigation, but sub-
stantial quantities were used for municipal and industrial purposes.
Three aquifer systems have been delineated in the Gulf Coast RASA
study area: (1) the Mississippi embayment aquifer system, (2) the Texas
coastal uplands aquifer system, and (3) the coastal lowlands aquifer
system. Although all three aquifer systems are mixtures of fine- and
coarse-grained clastic sediments deposited in continental and marine
environments, the clay and silt beds in the coastal lowlands aquifer
system are generally thinner, dispersed vertically throughout the aqui-
fers, and not areally as extensive as in the two other aquifer systems.

The base of the gulf coast regional aquifer systems in the northern
part of the area is at the top of the Midway confining unit and in the
southern part is at the transition zone into geopressured sediments.
Faults are common, but fault throws generally are not great enough to
entirely offset the regional hydrogeologic units described in this report,
although individual beds could be offset. Many salt domes occur in
several basins of the gulf coast.

The gulf coast regional aquifer systems were divided into 10 aqui-
fers and 5 regional confining units. Each of the aquifers was simulated
as a separate layer in a three-dimensional, variable density, finite-dif-
ference ground-water flow model with 10-mile-grid spacing. The
model accounted for inelastic compaction of fine-grained beds, result-
ing in more water being released from storage than would be released
from coarse-grained sediments alone, and also resulting in land subsid-
ence. Many of the aquifer characteristics, such as thickness, sand per-
centage, water density (based on concentration of dissolved solids),
temperature, and pressure, were derived from a computerized file of
989 geophysical logs.

The factors that controlled regional ground-water flow in the aqui-
fer systems under predevelopment conditions (before 1925) are, in
order of importance: (1) topography; (2) outcrop and subcrop pattern

and geometry of aquifers, permeable zones, and confining units;
(3) variation of hydraulic properties of aquifers, permeable zones, and
confining units; (4) distribution of density and brines; and (5) downdip
limits of geohydrologic units and geologic structure. Topography is the
most significant factor controlling ground-water flow because the rela-
tively humid climate maintains the aquifer systems generally full to
overflowing with ground water. Therefore, the amount and distribu-
tion of regional recharge and discharge is generally proportional to the
topographic gradient and aquifer conductivity rather than being con-
trolled by precipitation or other factors. The major variations in subsur-
face permeability have been accounted for by delineation of aquifers
and confining units. Hydraulic conductivity of sand beds increases
from the western side of the study area toward the eastern side. Effec-
tive hydraulic conductivity varies as a power function of sand percent-
age because as the sand percentage decreases, the degree of hydraulic
connection among sand beds also decreases. Hydraulic conductivity
also decreases with depth due to compaction.

About one-third of the volume of the aquifer systems studied con-
tains freshwater; in the remaining two-thirds, saline water increases
rapidly in concentration with distance, generally downdip, to more
than 100,000 milligrams per liter. This increase causes large differences
in density that have substantial effects on ground-water flow both in
the saline and the freshwater part of the system. Many forces appar-
ently have prevented the more saline or brine part of the system from
reaching equilibrium, such as heat and salt sources (salt domes), sedi-
ment compaction, geopressured sediments, changes of sea level
through geologic time, and an extensive continental shelf requiring
long flow paths along which ground water must move to adjust to
these forces. Thus, the primary source of brines most likely is dissolu-
tion of salt domes. Geologic structure seems to have a small effect on
ground-water flow except for the indirect effect on the geometry of the
geohydrologic units. The effect of the small amount of flow leaking up
through the basal Midway confining unit, which is composed of
marine clays several hundred feet thick, was found to be insignificant
compared to the volume of flow in the aquifer above it. This also seems
to be true for the small amounts of flow leaking up from the geopres-
sured zone farther downdip toward the coastline.

Predevelopment net regional recharge was occurring in 41 percent
of the aquifer system at the average rate of about 0.48 inch per year.
The highest predevelopment net recharge rate was about 6 inches per
year in southwestern Mississippi. Predevelopment net regional dis-
charge was occurring in 59 percent of the area at the rate of about 0.35
inch per year. The largest net regional discharge was in the Mississippi
River Valley alluvial aquifer at about 4 inches per year. The distribution
of freshwater (dissolved-solids concentration less than 10,000 milli-
grams per liter) thickness correlated well with the simulated net
regional recharge and discharge, indicating that the regional flow has
| flushed saline water (dissolved-solids concentration greater than
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10,000 milligrams per liter) out of the sediments, creating a thicker sec-
tion of freshwater. Some ground water flows offshore and is discharged
to the ocean, but most is discharged before it reaches the coastline.
Major changes have occurred in the gulf coast regional aquifer sys-
tems in response to large-scale development of ground water through-

out much of the study area. Development has led to lowering of

hydraulic heads, changes in recharge and discharge, changes in flow
and velocity both in direction and magnitude, land subsidence, and
changes in water quality. Total pumpage increased by a factor of 2.5
during 1960-80 but decreased by 7 percent from 1980 to 1985.

Every aquifer or permeable zone has more than one major cone of
drawdown where drawdown exceeds 80 feet. The 1985 pumpage is
more than three times the rate of predevelopment regional recharge.
Ground-water pumpage and the resulting declines in hydraulic head
tripled the regional recharge to more than 9 billion gallons per day. The
increase in regional recharge was derived from both an increase in nat-
ural recharge and capture of water that was previously locally dis-
charged. The regional discharge decreased to about 1 billion gallons
per day, nearly one-third of its predevelopment rate. Less than 10 per-
cent of the pumpage in 1985 was supplied from ground-water storage.

By 1985, the development caused the area of net regional recharge
to increase from 41 percent to 66 percent of the study area. The area
that changed from having net regional discharge to net regional
recharge includes most of the area underlain by the Mississippi River
Valley alluvial aquifer and most of the area underlain by the coastal
lowlands within about 40 miles of the coastline except in southern
Texas. Offshore, near Houston, Texas, there has been a change in the
direction of flow from onshore areas to offshore areas during predevel-
opment, whereas in 1985, the simulated flow was from the offshore
areas inland.

Downward vertical flows between layers increased substantially in
all of the aquifers and permeable zones as a result of ground-water
pumpage and resultant reversal of vertical gradients. The upper Clai-
borne aquifer continued to have the most flow interactions with the
Mississippi River Valley alluvial aquifer, probably due to the large area
of contact. The upper Claiborne aquifer has very little pumpage but
has large inflows and outflows. The middle Wilcox, middle Claiborne,
permeable zone D, and the Mississippi River Valley alluvial aquifer are
mostly self supporting; in other words, most of their pumpage was
supplied from increased recharge and decreased discharge within the
layer itself. In the lower Wilcox aquifer and permeable zone E, which
have very narrow outcrop bands, much of the pumpage had to be sup-
plied by vertical flow from adjacent layers. The upper Claiborne aqui-
fer, which has a very wide outcrop and subcrop band, captures
additional recharge and discharges and transmits to adjacent aquifers.

Large-scale ground-water pumpage in the freshwater part of the
aquifer systems has markedly changed flow patterns in the brine (dis-
solved-solids concentration greater than 35,000 milligrams per liter)
part of the system and induced flow updip toward pumping areas.
However, it will take decades or centuries for the brine water to reach
these pumping areas because of the relatively slow ground-water
velocities when compared to the long flow paths.

Simulation indicates that there is great potential for continued fur-
ther development of the ground-water resource. By carefully designing
the pattern of pumping additions, doubling the pumpage to 20 billion
gallons per day could be accomplished with minimal impacts (average
of less than 60 feet of drawdown over the study area).

INTRODUCTION

Smaller scale studies of parts of aquifer systems
commonly are hampered by not knowing how the
hydrology of the study area relates to the hydrology
and development of adjacent areas and by not having
enough data to do useful statistical analyses and com-

parisons. Hydrologic boundary conditions for smaller
study areas, though important, generally are unknown.
Commonly, data or time, or both, are insulfficient to
thoroughly study certain types of data or to consider
different methods of analysis. The Regional Aquifer-
System Analysis (RASA) Program, of which this study
is a part, was designed to minimize these problems.

The RASA Program, which was started in 1978 by
the U.S. Geological Survey, resulted from a congres-
sional mandate to develop quantitative appraisals of
the major ground-water systems of the United States
(see Foreword). More than 20 major aquifer systems
have been studied (Sun, 1986; Sun and Weeks, 1991).
Major objectives of the RASA Program are to analyze
and develop an understanding of the ground-water
flow system on a regional scale and to develop predic-
tive capabilities that will contribute to effective man-
agement of the system (Bennett, 1979). To reach these
objectives, the use of computer simulation of ground-
water flow in the aquifer system under natural, undis-
turbed conditions and conditions affected by human
activities has proven to be an important tool.

The Gulf Coast RASA study area encompasses
approximately 230,000 mi? onshore in parts of Ala-
bama, Arkansas, Florida, Illinois, Kentucky, Mississippi,
Missouri, Tennessee, Texas, and all of Louisiana. The
aquifer systems (and the study area) extend offshore
beneath the Gulf of Mexico to include an additional
60,000 mi2 and are truncated at the edge of the Conti-
nental Shelf. The study area and aquifer systems have
been terminated at natural hydrologic boundaries
rather than political boundaries.

The Gulf Coast RASA study is limited to coastal
plain sediments of mostly Cenozoic age except for the
northernmost part of the area, where it includes rocks of
Late Cretaceous age. This report does not include the
Upper Cretaceous rocks because they were the subject
of detailed studies reported elsewhere (Brahana and
Mesko, 1988). The aquifer systems thicken toward the
Gulf of Mexico in a general wedge shape and have a
thickness of more than 17,000 ft near the coastline of
southeastern Louisiana. The shallower parts of the
aquifers contain freshwater, but the deeper and offshore
parts contain mostly highly mineralized water. The Gulf
Coast RASA study area and its relation to adjacent
RASA study areas is shown in figure 1. An overview of
the aquifer systems and the plan of study for the Gulf
Coast RASA were described by Grubb (1984, 1985, and
1987).

Ground water is an important resource in the study
area though rainfall and surface water are relatively
abundant. Nearly 10 Ggal/d of ground water was with-
drawn from the aquifers during 1980 and 1985, mostly
for irrigation. Public supply and industrial uses of
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PURPOSE AND SCOPE

The purpose of this report is to present an analysis
of the regional flow in the gulf coast regional aquifer
systems from predevelopment through 1987, to develop
an understanding of the controlling factors, and to eval-
uate the potential for further development. To accom-
plish this, regional flow paths were determined, and
characteristics of the system were compared from one
area or aquifer to another. The significant human effects
on flow are explained. The effects of future develop-
ment on ground-water flow and the related problems
are presented.

Computer simulation of ground-water flow is the
best available tool for this study to (1) integrate most of
the known information about the aquifer system, (2)
test hypotheses about the regional flow system, and (3)
provide a common basis for comparing system charac-
teristics from one area or aquifer to another. Therefore,
most of the results presented in this report are based on
digital simulations. The approach and model construc-
tion are summarized in this report. Owing to the com-
plexity of the aquifer system and the amount of
information, the details of the methods used in the
modeling that have not been presented elsewhere (Will-
iamson and others, 1990; Williamson, 1987) will be pre-
sented in the supplement “Simulation Details" at the
end of this report.
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RELATED INVESTIGATIONS

Numerous related investigations have been done
owing to the size of the study area, the complexity of
the aquifer systems, and the intensity of development
of the ground-water resources in the area. There are
four adjacent RASA studies as well as five subregional
studies done as part of the Gulf Coast RASA study.
Numerous investigations were made, but only those
most closely related to this report are referenced here.

Several other reports from the Gulf Coast RASA
study are closely related to this report. Results from a
ground-water flow model developed by Kuiper (1994),
which used nonlinear regression to estimate parameter
values, were used extensively in the simulations pre-
sented in this report. The geohydrologic units of the

gulf coast regional aquifer systems are described by
Weiss (1992) and Hosman and Weiss (1991), and the
geology is discussed by Hosman (1993). The geochemis-
try of these aquifer systems is described by Pettijohn (in
press), and the maps showing the concentration of dis-
solved solids and temperature are presented by Petti-
john and others (1988).

ADJACENT REGIONAL AQUIFER-SYSTEM ANALYSIS
STUDIES

The Gulf Coast RASA study area is adjacent to four
other regional aquifer systems with completed or ongo-
ing studies under the RASA Program (fig. 1). They are
the Edwards-Trinity, Central Midwest, Southeastern
Coastal Plain, and Floridan aquifer systems.

EDWARDS-TRINITY

The Edwards-Trinity Regional Aquifer-System Anal-
ysis includes Cretaceous carbonate aquifers which dip
underneath the gulf coast aquifers in Texas and adjacent
States (Bush, 1986; Barker and others, in press). The ver-
tical flow from or to the Edwards-Trinity aquifer system
is thought to have a small effect on flow in the lower
part of the Texas coastal uplands aquifer system owing
to the great thickness of fine-grained marine sediments
of the Midway Group, which separates the two aquifer
systems.

CENTRAL MIDWEST

The Central Midwest Regional Aquifer-System
Analysis includes the Paleozoic rocks west of the north-
ern tip of the Gulf Coast RASA study area (Jorgensen
and others, 1993; Imes and Emmett, 1994). These Paleo-
zoic rocks extend beneath the Upper Cretaceous sedi-
ments in the Mississippi embayment but are not used
for water supply because they are overlain by other

! more productive aquifers. The Paleozoic rocks are gen-

erally less permeable than the Upper Cretaceous sedi-
ments, but some water may flow upward from the
Paleozoic rocks into the Upper Cretaceous sediments.

SOUTHEASTERN COASTAL PLAIN

The Southeastern Coastal Plain Regional Aquifer-
System Analysis includes Cretaceous and Tertiary sedi-
ments east of the Gulf Coast RASA study area (Renken,
1984; Barker and Pernik, 1994). The study areas overlap
in western Alabama and eastern Mississippi; however,
the Southeastern Coastal Plain RASA study is restricted
to Cretaceous aquifers that dip beneath the clays of the
Midway Group at the base of the gulf coast regional
aquifer systems. The Midway Group becomes more
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permeable due to facies changes and yields water in
Georgia and east-central Alabama; but westward
towards the gulf coast regional aquifer systems it is pre-
dominantly composed of thick marine clays yielding
small amounts of water.

FLORIDAN

The Floridan Regional Aquifer-System Analysis
includes the major Tertiary carbonate aquifers of the
coastal Southeastern United States (Bush and Johnston,
1988; Johnston and Bush, 1988). The boundary between
the Floridan and the Gulf Coast RASA study areas
occurs where the more permeable carbonate facies
changes to the less permeable marine clays of the Jack-
son and Vicksburg Groups, which form a regional con-
fining unit in the Gulf Coast RASA study area.

GULF COAST RASA SUBREGIONAL STUDIES

More detailed investigations of the flow systems in
subareas or groups of aquifers were conducted in the
gulf coast by using subregional models (at one-half of
the grid spacing; fig. 2). The subregional models, except
for the gulf coast aquifer in Texas, simulate only the
part of the aquifer system containing freshwater,
whereas the regional model includes the entire thick-
ness of Tertiary and younger sediments except where
they are geopressured. The regional model includes all
of the aquifers included in any of the subregional stud-
ies, except for the McNairy-Nacatoch aquifer (contained
in rocks of Late Cretaceous age) in the northernmost
part of the area. The subregional models are described
separately:

McNairy-Nacatoch aquifer (Brahana and Mesko, 1988;
Brahana and Mesko, written commun.)

Mississippi River Valley alluvial aquifer (Ackerman,
1989; Ackerman, 1996)

Mississippi embayment aquifer system (Arthur and
Taylor; 1990, Arthur and Taylor, 1998)

Coastal lowlands aquifer system of Alabama, Florida,
Louisiana, and Mississippi (Martin and Whiteman,
1989; Martin and Whiteman, 1999)

Gulf coast aquifers in Texas (Ryder, 1988; Ryder and
Ardis, 1991)

PREVIOUS INVESTIGATIONS

A detailed discussion of many of the studies since
1901 of ground-water flow in the gulf coast regional
aquifer systems was given by Williamson and others
(1990). Only the more recent and comprehensive ones
will be summarized here. By the mid-1970's reports
documenting intensive studies of the ground-water
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resources had been published for many of the 343 coun-
ties in the study area. Also many studies of special
ground-water problems were documented; for example,
saltwater encroachment in the Houston-Galveston area
(Winslow and others, 1957), effects of faults on the
ground-water flow system (Whiteman, 1979; Gabrysch,
1984), and subsidence due to pumping ground water
(Winslow and Doyel, 1954; Winslow and Wood, 1959;
Gabrysch, 1969, 1977, 1982; Gabrysch and Bonnet, 1975;
Whiteman, 1980).

A few studies of a regional scale were documented
in some early reports such as those of the Texas Coastal
Plain by Deussen (1914, 1924). Much later a study of the
ground-water resources of the Mississippi embayment
was described in a series of reports (Cushing and oth-
ers, 1970; Boswell and others, 1965, 1968, Hosman and
others, 1968). A multi-State study of the Claiborne
Group from eastern Mississippi to the Rio Grande in

| Texas was conducted by Payne (1968, 1970, 1972, 1975).

A series of ground-water appraisals for the major river
basins of the study area was published during the
1970's (West and Broadhurst, 1975; Baker and Wall,
1976; Bedinger and Sniegocki, 1976; Zurawski, 1978;
Cederstrom and others, 1979; Terry and others, 1979).

The interest in quantitative analysis of ground-water
flow, primarily related to areas of intensive ground-
water pumpage, led to the early application of electric
analog simulation techniques in the study area. The fol-
lowing analog model studies were made: the Houston
District, Texas, by Wood and Gabrysch (1965); Jor-
gensen (1973, 1975), and Jorgensen and Gabrysch
(1974); the Sparta Sand in the Mississippi embayment
by Reed (1972); and the Bayou Bartholomew alluvium
in Arkansas by Broom and Reed (1973).

By the mid-1970's, studies began to appear where
digital models were used to simulate ground-water
flow, such as: an alluvial aquifer and adjacent Carrizo-
Wilcox aquifers near a reservoir on the Trinity River in
eastern Texas by Garza (1974); the Carrizo aquifer in
southern Texas by Klemt and others (1976); along the
Colorado River of Texas by Thorkildsen and others
(1989); the Bayou Bartholomew alluvium in Arkansas
by Reed and Broom (1979); and the heavily pumped
Houston area of Texas by Meyer and Carr (1979) and
Jorgensen (1981).

The number of areas and the types of problems to
which simulation techniques were applied continued to
increase in the decade of the 1980's, and the digital
model replaced the electric analog model. The use of
simulation techniques within the study area is dis-
cussed herein under five categories: (1) shallow alluvial
aquifers, (2) aquifers simulated with multilayer models,
(3) effects of pumpage on water levels and salinity in a
single layer, (4) effects of development on other
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effect on water quality in the deeper sediments due to
dissolution of salt by ground water. Simulation demon-
strates that the highly mineralized ground water affects
regional flow by creating areas with high fluid densi-
ties.

The gulf coast regional aquifer systems were subdi- |

vided into geohydrologic units for analysis in the Gulf
Coast RASA study. Weiss and Williamson (1985)
described the methods used for subdividing the thick
sequence of sediments. The relations of the geohydro-
logic units to aquifer systems and a selection of previ-
ously named units and the model layer numbering
system used in this study are shown in figure 9. The

geohydrologic units are referred to in the text by their

layer number for convenience, whereas both number
and names generally are used in figures and tables. The
term “layer” is used in place of “aquifer or permeable
zone” for convenience as well. The relation of the vari-
ous units are shown in the hydrologic sections on plate
1. The thickness of each unit is a block average for
blocks spaced 5 mi apart. Layer 11 includes both the
Mississippi River Valley alluvial aquifer of the Missis-
sippi embayment aquifer system and permeable zone A
(Holocene-upper Pleistocene deposits) of the coastal
lowlands aquifer system. The two areas of occurrence
(fig. 12) of layer 11 are connected horizontally across a
narrow band in central Louisiana. Due to the similarity
in ages and deposition of the sediments of the Texas
coastal uplands and Mississippi embayment aquifer
systems, they were subdivided into similar geohydro-
logic units.

Three approaches were used in three situations to
subdivide the aquifer systems into geohydrologic units
(Weiss and Williamson, 1985):

1. Borehole geophysical logs were used to map region-
ally significant confining units (model layers 12-17),
with aquifers in between (model layers 5 and 6 and
parts of 7 and 8).

2. Logs were also used to identify large hydraulic-
conductivity contrasts between adjacent water-
bearing zones not separated by regional confining
units (model layers 2 and 4 that represent massive
sands and layer 3 that represents thin, complexly
interbedded coarse- and fine-grained deposits).

3. In most of the coastal lowlands aquifer system (model
layers 7-11) where approaches 1 and 2 could not be
used, hydraulic-head and well-opening data at
various depths were used to subdivide the system
so that the minimum vertical head change occurs
within a unit. The zones were extended to areas
where the hydraulic-head gradient is unknown by
keeping the zone a constant proportion of the total
system thickness, thereby avoiding abrupt disconti-
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nuities in thickness and thus preserving horizontal
hydrologic continuity.

APPROACH: DIGITAL MODELING OF
GROUND-WATER FLOW

A computer program (Kuiper, 1983, 1985) was used
to simulate variable-density ground-water flow in three
dimensions using the finite-difference method. Effective
vertical hydraulic conductivity is specified for active
aquifer layers as well as for inactive confining units.
Inactive confining units have no storage nor horizontal
flow. Kuiper's model calculates the total leakance (effec-
tive vertical conductivity divided by thickness) between
the centers of all adjacent model layers by using the
appropriate thicknesses and vertical hydraulic conduc-
tivities and their harmonic means. The water density,
although variable in space, is assumed to be constant in
time. This assumption simplifies the simulation sub-
stantially and is justified because model simulations of
several decades are relatively short spans of time com-
pared to the amount of time necessary for the average
density simulated in very large model blocks to be con-
siderably altered by the transport of dissolved solids.
The model also accounted for inelastic compaction of
fine-grained beds, resulting in more water being
released from storage and in land subsidence (Kuiper,
1994).

The areal extent of the gulf coast regional aquifer
systems required that the regional model horizontal
grid spacing be large (fig. 2)—10 mi on a side—and ver-
tical discretization be limited to 10 active aquifer layers.
Even with these large blocks, there are 5,916 total blocks
per layer (102 rows by 58 columns) times 10 active lay-
ers, which equals 59,160 blocks, although only about
one-third of these are active due to the geometry of the
systems. The horizontal grid is oriented approximately
45 degrees from north-south (fig. 2). This orientation
was chosen to minimize the size of the matrices
required to fit the entire areal extent of the aquifer sys-
tems.

The geohydrologic unit (model layer) tops, thick-
nesses, and sand percentages used in these simulations
are described in detail by Hosman and Weiss (1991) and
Weiss (1992). The one exception is in the Mississippi
embayment aquifer system north of the 34th parallel,
where Hosman and Weiss describe the Memphis aqui-
fer that is equivalent to both active layers 4 and 5 as
modeled in this study. Layer 5 was defined as the top
one-third of the Memphis aquifer with layer 4 compos-
ing the lower two-thirds of the aquifer for the purpose
of preserving the horizontal hydraulic continuity of the
model layers. South of the 34th parallel, layers 4 and 5
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Mississippi embayment and Texas coastal uplands aquifer systems

GEOLOGIC UNIT

GEOHYDROLOGIC UNITS

SYSTEM

TERTIARY

PLEISTOCENE

DEFINED BY
PREVIOUS STUDIES

w
E Mississippi River Valley
8 alluvial aquifer (Boswell
s
o
I

AND

and others, 1968)

Jackson and
Vicksburg Groups

AND
OLIGOCENE
JACKSON
AND
VICKSBURG

Cockfield aquifer system
(Payne, 1970)

Cockfield Formation (Hosman
and others, 1968)

Sparta hydraulic system
(Payne, 1968)

Sparta Sand (Hosman and
others, 1968)

CLAIBORNE

Memphis aquifer (Hosman
and others, 1968)
(layers 4 and 5)

EOCENE

Carrizo and Meridian Sand
aquifer (Payne, 1975)

Carrizo Sand and Meridian-
upper Wilcox aquifer
(Hosman and others, 1968)

Wilcox Group (Hosman and
others, 1968)

WILCOX

Lower Wilcox aquifer
(Hosman and others, 1968)

>
<
% Midway Group

PALEOCENE

GULF COAST REGIONAL AQUIFER-SYSTEM ANALYSIS

MODEL
LAYER
NUMBER

GEOHYDROLOGIC UNITS

Mississippi River Valley
alluvial aquifer*

Vicksburg-Jackson confining
unit !

Middle Claiborne
confining unit

Middle Claiborne aquifer

Lower Ciaiborne
confining unit

Lower Claiborne-
upper Wilcox aquifer

Midway confining unit 1

1The Midway confining unit was referred to as the coastal uplands confining unit and the Vicksburg-Jackson

confining unit was referred to as the coastal lowlands confining unit by Grubb (1984, p. 11).

* Not present in the Texas coastal uplands aquifer system.

FIGURE 9A.—Correlation of aquifer systems and geohydrologic units (model layers) with previously named units.
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in Mexico to extend the model to the aquifer system
outcrop rather than try to force an arbitrary boundary at
the United States border.

A constant head boundary was simulated in a layer
above the top aquifer layer to simulate recharge and
discharge. The head value specified was that of the
water table (Williams and Williamson, 1989). The flow
into or out of the top layer is simulated by using the dif-
ference in head between the first active aquifer block in
the appropriate outcropping layer and the water-table

head value above it times the conductance for vertical |

flow between the two blocks.

Most of the model calibration depended on auto-
matic parameter estimation results described by Kuiper
(1994). The regression methodology allowed testing of a
wide range of parameters for simulation of the aquifer
system. It also provided estimates of the accuracy of
results and a mechanism to determine sources of model
error. Kuiper used more than 40 different multiple-
regression models with 2 to 31 regression parameters.
More than 3,000 values for grid-element volume-
averaged head and volume-averaged hydraulic con-
ductivity were used as observations for the regression
models. He estimated error bands for each model.
Kuiper found that the root mean squared-weighted
residual decreases little with an increase in the number
of parameters, so that the models with a small number
of parameters appear to be the most reliable for predic-
tion of head.

Further discussions of the simulations are presented
in the sections to which they relate, and the differences
between simulations described in this report from the
preliminary simulations of Williamson and others
(1990) are discussed in the supplementary section "Sim-
ulation Details" at the back of this report. All of the data
sets used in the model, along with original data sets
used to map the geohydrologic units and ground-water
chemistry, are archived in ASCII files on a WORM
(Write Once, Read Many) disk that was prepared by
Kirkpatrick (1993).

FACTORS CONTROLLING REGIONAL
GROUND-WATER FLOW

The factors which controlled regional ground-water
flow in the aquifer systems under predevelopment con-
ditions are, in order of significance of effect, (1) topogra-
phy; (2) outcrop and subcrop pattern and geometry of
aquifers, permeable zones, and confining units; (3) vari-
ation of hydraulic properties of aquifers, permeable
zones, and confining units; (4) distribution of brine
water and water density; and (5) downdip limits of
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aquifers, permeable zones, and geologic structure. They
will be discussed in the following sections in the order
of the significance of their effect on predevelopment
regional ground-water flow.

TOPOGRAPHY

Topography has a major effect on the water-table
altitude, which in turn has an effect on natural regional
ground-water flow (Williams and Williamson, 1989;
Williamson and others, 1990, p. 97). In terrains of humid
climate and gentle hydraulic gradients, aquifer systems
are generally full to overflowing with ground water.
Therefore, the amount of recharge to the regional
ground-water flow system is probably not related to the
mean annual rainfall over most of the study area. Will-
iamson (1987) reported that there was no correlation
between the depth to the water table and the mean
annual rainfall in this study area. It is more likely that
the amount of recharge to the regional flow system is
limited by the capacity of the regional flow system to
transmit ground water away from recharge areas to dis-
charge areas. Where the flow capacity is limited by the
low regional hydraulic gradients or by the low conduc-
tance of the aquifer system, rainfall, which is potential
regional recharge, is discharged to local surface-water
bodies such as creeks and streams or to evapotranspira-
tion. Under predevelopment conditions, areas with
high land-surface altitude (fig. 4) were regional
recharge areas, and areas of low land-surface altitude
were regional discharge areas. The water-table altitude
follows the land-surface altitude. The distribution of the
thickness of relatively fresh water also demonstrates
that the regional recharge areas are determined by their
high relief, causing the deep brines to be more flushed
out than in discharge areas. In the western part of the
study area, where the climate is much drier (fig. 4),
recharge to the regional ground-water flow system
probably is limited by the smaller rainfall amount, most
of which falls in the hot summer months when it is
quickly evaporated or transpired.

ESTIMATION OF PREDEVELOPMENT WATER-TABLE
ALTITUDE

Average predevelopment water-table altitudes for
25-mi? blocks were estimated by subtracting an esti-
mated depth to water from the land-surface altitude cal-
culated from very detailed digital data (Williams and
Williamson, 1989; summarized in Williamson and oth-
ers, 1990, p. 67). The traditional method of manually
contouring measured water-table altitudes at wells was
tried but not used owing to the large spacing of wells
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relative to small-scale variations in land-surface alti-
tude. Most of the variation in predevelopment water-
table altitude is a function of the variation in land-sur-
face altitude rather than the variation of depth to water.
Linear regression equations of depth to water were
developed for five subareas on the basis of data from
6,825 wells and average land-surface altitude (Williams
and Williamson, 1989.) These equations also included a
measure of local topographic variation. The resulting
estimate of predevelopment water-table altitude over
the entire study area is a subdued replica of the topog-
raphy (fig. 3) and was presented by Williamson and
others (1990, fig. 21).

In offshore areas, the source-sink layer was assigned
a constant head value of 0 (sea level), a density of 1.025
(that of seawater), and a thickness equal to the ocean
depth, so that the model would calculate equivalent
freshwater hydraulic-head values to use in the constant
head blocks.

OUTCROP AND SUBCROP PATTERN AND
GEOMETRY OF AQUIFERS, PERMEABLE
ZONES, AND CONFINING UNITS

The second most significant factor controlling
regional ground-water flow is the outcrop and subcrop
pattern (fig. 11) and geometry of the aquifers, perme-
able zones, and confining beds. The major variations in
subsurface permeability have been accounted for sim-
ply by delineation of aquifers and confining units
(Grubb, 1986). Grubb qualitatively showed how the
outcrop pattern, together with land-surface altitude,
controlled the regional recharge and discharge areas. In
many localities the water that was recharged to the
regional flow system moved laterally to an area within
the same outcrop area and was discharged at a lower
altitude. Martin and Whiteman (in press) state that 59
percent of the predevelopment recharge in the outcrop
areas was also discharged in the outcrop areas in the
coastal lowlands aquifer system in Louisiana, Missis-
sippi, Alabama, and Florida. Some examples of the
effect of the outcrop pattern will be discussed later in
the section “Predevelopment Ground-Water Flow.”

The areal variation of the thickness of the regional
aquifers and permeable zones and confining units
(fig. 12) is also a very important factor determining
regional flow. For example, the middle Wilcox aquifer
(layer 3) immediately above the Midway confining unit
in the Texas coastal uplands aquifer system, and above
the lower Wilcox aquifer in the Mississippi embayment
aquifer system, is composed predominantly of interbed-
ded coarse- and fine-grained beds. The coarse-grained
beds have varying degrees of hydraulic connection and
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therefore have a relatively low effective horizontal per-
meability. In many locations, the middle Wilcox is con-
sidered to be a confining unit. However, because of its
vast thickness (fig. 12, table 1), the horizontal compo-
nent of regional flow was substantial (pl. 6). Although
recognized in this study as an aquifer, the fine-grained
beds within the middle Wilcox aquifer are the major
restriction to vertical flow between overlying and
underlying aquifers.

HYDRAULIC PROPERTIES OF AQUIFERS,
PERMEABLE ZONES, AND
CONFINING UNITS

The third most significant factor controlling flow in
the aquifer systems is hydraulic conductivity and its
areal distribution within the aquifers, permeable zones,
and confining units. Hydraulic conductivity (K) of
entire aquifers, permeable zones, and confining units is
difficult to measure and may vary widely across rela-
tively short distances. However, maximum use was
made of field measurements of horizontal hydraulic
conductivity (Kh) to estimate effective horizontal
hydraulic conductivity (Kheg) in order to avoid includ-
ing model simulation errors of all kinds in model-
derived values of Kh.¢. The Kh values used are directly
related to aquifer properties, and they have a greater
potential transfer value to other aquifer studies than
model-derived Khgg values. The available data used
included sand-bed thicknesses at locations, aquifer-test
and specific-capacity data for several thousand wells,
and the geometry of the units. The approach used to
obtain estimates of Kh is discussed below and can be
summarized as follows: (1) use aquifer-test and specific-
capacity data to develop areal averages for sand-bed Kh
for each model layer, (2) map sand percentages from the
geophysical-log data, (3) develop a relation between
sand percentage and Kh.g, and (4) adjust the Khg esti-
mates for the variation in K with depth. Model-derived
values for vertical K of confining units were used
because the field data are sparse, highly variable, and
difficult to extrapolate from specific locations to block-
averaged values.

HORIZONTAL HYDRAULIC CONDUCTIVITY OF
AQUIFERS AND PERMEABLE ZONES

The horizontal hydraulic conductivity (Kh) of sand
beds is many times larger than the conductivity of
fine-grained beds; therefore, the thickness of the fine-
grained beds can be ignored in the calculation of
transmissivity of the aquifers. The transmissivity of
the aquifer layers can be calculated as the product of
the total thickness of the sand beds in a layer and the
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the Midway confining unit and any fracture zones pen-
etrating it, which is small relative to the horizontal flow
in the lower Wilcox aquifer (173 Mgal/d, fig. 33, pl. 6)
(Arthur and Taylor, 1990; Arthur and Taylor, in press).
Therefore, the Midway confining unit has been treated
as a no-flow boundary in the simulations presented in
this report. If larger volumes of pumpage were simu-
lated in the lower Wilcox aquifer, this no-flow assump-
tion would need modification.

An exception to the basal Midway confining unit
being the base of the flow system exists in the extreme
northwestern part of the Mississippi embayment. The
Mississippi River Valley alluvial aquifer extends
beyond the subcrop of the Midway confining unit in an
area of a few hundred square miles and directly overlies
the McNairy-Nacatoch aquifer and Paleozoic rocks of
the Central Midwest aquifer system. According to Brah-
ana and Mesko, pinching out of the Midway and occur-
rence of the McNairy-Nacatoch aquifer directly above
the Paleozoic rocks allow substantial flow between the
Paleozoic rocks and the Mississippi embayment aquifer
system (Brahana and Mesko, written commun.). The
flow is predominantly from aquifers in Paleozoic rocks
discharging to the Mississippi River Valley alluvial
aquifer, which in turn discharges as rather large flows
to streams. Nearly all of these flows occur within the
same regional model block and therefore are not consid-
ered regional flow.

LEAKAGE FROM THE GEOPRESSURED ZONE AND
EFFECT OF DEEP FLUID INJECTION

Downdip and gulfward in the gulf coast regional
aquifer systems, the top of the zone of geopressure is
above the top of the Midway confining unit (fig. 8).
Geopressured zones are defined as areas where the
pressure substantially exceeds the hydrostatic pressures
caused by the regional ground-water flow system. The
high pressures were created by other forces. Geopres-
sured zones exist in the transition from a predominantly
coarse-grained facies to a predominantly fine-grained
facies. Substantial fluid pressures in the geopressured
zone force some flow upward into the aquifer system.
The rate of flow is thought to be small because of the
minimal vertical hydraulic conductivity of the predomi-
nantly shaly sediments, which is confirmed by the fact
that the high pressures still exist. Hypotheses about the
values of conductivities and flows were tested by
Kuiper (1994) using various simulations. He concluded
that the sparsity of reliable deep-head data precluded
the possibility of determining the volume of flow from
the geopressured zone on the basis of simulations. Most
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of his model simulations assumed zero flow from the
geopressured zone as does this report.

Oil-field brines and other hazardous wastes are
injected into the brine section of the aquifer system, and
oil and brine are pumped out of the same section. This
study generally assumed that the volumes are not large
enough to substantially affect regional ground-water
flow or quality of water in the freshwater part of the
system. Using data on oil production by the Louisiana
Department of Natural Resources (1986), a simple com-
parison of pumpage totals for Louisiana indicates that
this pumpage is less than 10 percent of the volume of
the freshwater pumpage for the same period of time.
Crude oil production for the State of Louisiana in 1985
was about 185 million barrels (28 Mgal/d) (Louisiana
Department of Natural Resources, 1986, p. 146), includ-
ing oil and condensate but not including gas volumes.
Ground-water pumpage for the same year for all of
Louisiana was about 1,800 Mgal/d (Mesko and others,
1990). Assuming a 3:1 ratio of brine to oil withdrawn,
which varies widely but is thought to be an average, the
total withdrawal of fluids would have been about
110 Mgal/d, or about 6 percent of the volume of the
freshwater pumpage for Louisiana for 1985. This would
still be a small percentage of the total withdrawals, even
after increasing this volume somewhat to account for
gas production.

PREDEVELOPMENT GROUND-WATER
FLOW

The dating of “predevelopment” conditions is com-
plicated by the fact that ground-water development in a
few areas, such as at Memphis, Tennessee, dates back to
decades before 1900. In most of the study area, however,
ground-water development did not occur until decades
after 1900, with large-scale developments not active
until the 1930's or 1940's. Predevelopment conditions in
this report generally refer to conditions in 1925 or
before.

HYDRAULIC HEAD AND HORIZONTAL FLOW

Simulated predevelopment freshwater hydraulic
head for each aquifer is shown on plate 2, and the
regional ground-water flow directions and relative
magnitudes are shown on plate 3. The plotted vector
equals the vector addition of the average of the two
adjacent x-direction flows and the average of the two
adjacent y-direction flows. The arrows show the direc-
tion of horizontal flow and its magnitude both qualita-
tively (by the arrowhead size) and quantitatively (by
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the arrowshaft length as well). The arrowhead size sig-
nifies the order of magnitude [(integer component of
the logarithm, base 10 (log¢)], of the flow, and the shaft
length is proportional to the mantissa (decimal compo-
nent) of the logy flow. The type and color of the round
symbols on the flow maps show the direction of vertical
flow out of or into the bottom of each layer. The size of
the symbol is proportional to the natural logarithm of
the magnitude of the vertical flow.

Hydraulic-head data were sparse outside the out-
crop of the individual aquifers for predevelopment con-
ditions. The model was primarily calibrated using
1960-85 hydraulic-head data. Predevelopment condi-
tions were simulated by removing ground-water with-
drawal. Flow patterns presented in this report are more
complex than those presented in the preliminary report
(Williamson and others, 1990) because of the addition to
the simulations of variations of hydraulic conductivity
(K) by area sand percentage and depth. In the earlier
report, for simplicity, K was assumed to be constant for
each aquifer. The simulation results should be used and
interpreted with caution, especially on the small scale of
individual flow values. More confidence can be placed
in the large, regional flow trends composed of several to
many arrows, which are noticeable on plate 3. The
regional flow trends were similar in most of the differ-
ent calibration attempts. Only such features that are
more likely to remain constant through a broad range of
simulation parameters will be described in the text.

In the Mississippi embayment aquifer system, the
predominant regional flow pattern, especially in layers
2,4, and 5, is from major recharge areas on the eastern
side of the embayment to discharge areas in layer 11,
which is mostly in the central and western parts of the
embayment (pl.3). This flow pattern primarily is
caused by the topography (fig. 3), which is asymmetri-
cal, in that the valley lies on the western side of the
embayment and the topographically higher hills are
mostly on the eastern side. The dominant feature of the
topography is the flat, low-lying Mississippi Alluvial
Plain. The river, because of its size, is an important fea-
ture of the hydrologic system. It generally traverses the
eastern side of the plain. Some recharge is simulated on
the western side of the embayment in the uplands south
of the Arkansas River and on Crowleys Ridge, a 1- to 3-
mi-wide ridge extending north to south about 100 mi in
the north-central part of the Mississippi Alluvial Plain.
The horizontal flow rates in layer 3 are substantially
larger in the Texas coastal uplands aquifer system than
in the Mississippi embayment aquifer system because
of the larger hydraulic conductivity (fig. 21).

One of the more noticeable flow paths in the aqui-
fers of the Mississippi embayment aquifer system is
from a major recharge area in south-central Mississippi
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that radiates outward to the south and to the west
(pl. 3). A large part of this flow moves southwestward
and then curves northwestward to the major discharge
area in northeastern Louisiana. This curvature in flow
paths is partly because of the restriction of vertical flow
downdip. More importantly, what might have been a
discharge area for the Mississippi embayment aquifers
in southern and western Mississippi is really a regional
recharge area for the coastal lowlands aquifers due to
high land-surface (and water-table) altitude, reversing
the flow direction to downward. This gradient forces
the flow in the lower units to turn westward to dis-
charge in the lowland area of northeastern Louisiana. In
layer 6, the fresh ground water flows downdip under
the Vicksburg-Jackson confining unit and turns to the
northwest to flow updip from under the confining unit
to discharge to the Mississippi River Valley alluvial
aquifer in an area of low topography in northeastern
Louisiana. Throughout most of the areal extent of layer
6 there is upward flow from underlying aquifers.

Another major predevelopment flow pattern
involves recharge in the outcrop of each aquifer in
south-central Arkansas, downward flow into layers 6, 4,
and especially 5, and then southeastward flow across
Arkansas, towards the regional discharge area in north-
eastern Louisiana (pl. 3). In the northern part of the
Mississippi embayment aquifer system, the dominant
flow pattern is from east to west toward the flow axis of
the embayment, which is west of both the geological
axis and the Mississippi River (fig. 7). In the Mississippi
River Valley alluvial aquifer, the flow directions are
quite complex because the water moves in the direction
of the shortest circuit for flow to one of the major sur-
face rivers or drains. The lowest freshwater head in
nearly every Mississippi embayment aquifer occurs in
northeastern Louisiana (pl. 2).

One of the interesting smaller features of predevel-
opment flow is in southern Arkansas and northern Lou-
isiana in layers 3 and 2 (pls. 31, 3]). Notice that the flow
lines converge approximately toward the axis of the
Ouachita River and that the line of equal concentration
of dissolved solids takes a downdip bend at the same
location, even though layers 3 or 2 do not outcrop in
this area. Apparently, the water-table altitude decreases
due to the Ouachita River Valley increasing leakage
from layer 2 to the surface and drawing fresher water
farther downdip in the section at this location. A similar
flow pattern is seen along the Red River (pls. 3, 3]).

In the Texas coastal uplands aquifer system, the pre-
dominant regional flow pattern is from recharge areas
between major river valleys laterally to discharge areas
along the valleys (pl. 3). In southern and south-central
Texas, there is a pronounced regional flow pattern. Flow
is lateral (parallel to the strike of the outcrops of the
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FIGURE 37.—Cumulative distributions of areas of each aquifer (layer) for predevelopment to 1987 simulated drawdown levels.
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TABLE 3.—Summary of 1985 ground-water pumpage by area, type of withdrawal, and model layer, in million gallons per day

[P, point withdrawals; pumpage is mostly for public supply and industrial use. A, areal withdrawals; pumpage is mostly for irrigation use;
quantities from data in Mesko and others (1990). The symbol x denotes absence of layer in the indicated area. Leaders (---) indicate no
pumpage in the area. Zero indicates pumpage less than 0.5 million gallons per day. Totals may not agree due to independent rounding]

Model layer
Area! Type — 3 4 5 6 7 g o0 g1 Alllayers

1. Winter Garden P X 1 26 1 1 X X X X X 29
A X 4 186 1 0 X X X X X 191

2. Northeastern Texas P X 61 68 9 7 X X X X X 145
A X 24 12 20 8 b X X X X 64

3. Western embayment P 0 6 0 65 1 X X X X X 74
A 1 13 7 34 2 X X X X X 56

4. Mississippi alluvial P 32 1 20 173 23 X X X X, 68 317
plain A 11 2 12 57 3 X X X x 4910 5,000

5. Eastern embayment P 29 4 73 143 6 X X X X X 254
A 3 1 6 8 3 X X X X X 21

6. Southern Texas P X - 0 - - 3 3 5 13 5 29
A X - 0 0 0 0 3 4 5 20 32

7. Southeastern Texas P X -—- - 0 2 4 14 193 267 89 568
A X --- 0 0 2 3 6 7 54 386 458

8. Southwestern P - - -— - 0 8 61 6 8 144 226
Louisiana A - - -— 0 0 2 2 0 5 596 605

9. Eastern coastal P --- - — 5 6 76 213 105 45 123 572
lowlands A - 0 0 1 1 5 20 20 10 20 77
Total point 61 73 187 396 46 91 291 309 333 429 2,210
Total areal 15 4 223 121 19 10 31 31 74 5,930 6,500
Grand Total 76 117 410 517 65 101 322 340 407 6,360 8,710

ISee figure 13 for area boundaries.

2 Small difference in number here and in figure 33B is due to southern boundary of area placed at updip limit of subcrop of Vicksburg-Jackson

confining unit for modeling purposes rather than at downdip limit as used for this compilation.

6 in the Texas coastal uplands aquifer system, where the
water is saline (pl. 1B). Pumping near Pascagoula, on
the coast of Mississippi, in layer 9 causes drawdown in
adjacent layers 8 and 10 (pl. 1D).

Layers 4 and 5 at Memphis, Tennessee, comprise the
Memphis aquifer, and simulated heads in both layers
are very similar throughout time (pl. 1E). The pumping
in layers 4 and 5 in Fulton County, Kentucky, appears to
cause drawdown in layers 3 and 2 as shown by the nar-
rowing drawdown contours near where there is no
pumpage in layer 2 or 3 (pl. 4). Farther south in the
embayment, the head profiles in all layers are lowered
all the way across the embayment (pl. 1F).

Although the thickness and sand percentage of the
aquifers may be less significant than other factors affect-
ing regional flow, they may have a large effect on the

shape and size of a cone of drawdown, as shown by
comparing the cones in layer 8 in Louisiana at Alexan-
dria and DeRidder (pl. 4D). Pumpage at these two loca-
tions is about equal (30 Mgal/d), yet the cone of
drawdown at Alexandria is about four times deeper. An
explanation is that the sand percentage is about three
times larger and the aquifer thickness is about twice as
large at DeRidder, resulting in a much larger transmis-
sivity at DeRidder as compared to Alexandria.

HYDRAULIC HEAD AND HORIZONTAL FLOW

Ground-water pumping has largely affected the
potentiometric surface (pl. 5) and the pattern of ground-
water flow (pl. 6) of the 10 layers and permeable zones.
The horizontal flow vectors (pls. 3, 5, 6) are resolved at
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the intersection of four adjacent blocks to facilitate dis-
play of pumping conditions where pumping out of one
block will be shown as the four surrounding vectors
point toward the pumping block. In many locations the
hydraulic gradient and horizontal flow directions have
reversed from predevelopment conditions. In other
cases the Jocation of lowest head and consequently the
regional discharge point have moved substantially.

Plates 5 and 6 also show lines of equal dissolved-sol-
ids concentration of 10,000 and 35,000 mg/L. These
lines represent the average concentration within 100-
mi? model blocks. In many areas, where it appears that
the brine interface intrudes into areas of current pump-
ing, this may not be true. Actually, most of the pumping
is from the top part of the permeable zone where the
water is fresher than what is shown as the average for
the block, or the pumping is concentrated near the cor-
ner of the block.

Although random and unknown bias errors are
present in the simulations, relative comparisons
between one simulation and another or between one
location and another have greater certainty because
they are not absolute; therefore, similar errors in both
parts of a comparison would offset each other. Simu-
lated hydraulic-head maps also contain uncertainty
because of errors in the model design and assumptions
as well as errors in estimating relevant hydraulic-head
values for 100-mi? blocks using observed well data for
appropriate comparison with simulated heads from the
regional flow model. Estimating observed head values
for a regional ground-water model is a complex prob-
lem owing to a variety of reasons. Models assume dis-
crete blocks of aquifer over discrete time units,
requiring discretization of the point well-measurement
data over four dimensions—three in space and one in
time. Horizontal discretization is complicated due to
the relatively flat regional hydraulic gradient, which is
affected by large local topographic variations. It also is
complicated by the steep horizontal-head gradients
occurring around the steep cones of drawdown. Vertical
discretization is important but difficult because in some
places layers are quite thick, and considerable head dif-
ference occurs vertically within the layer. In addition,
wells are not measured on the same days of the year or
even every year because of changes in the monitoring
network design and operation. The details of estimating
block-averaged observed hydraulic head are given in
the supplement "Simulation Details."
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MISSISSIPPI RIVER VALLEY ALLUVIAL AQUIFER
AND PERMEABLE ZONE A (HOLOCENE-
UPPER PLEISTOCENE DEPOSITS)

In layer 11, the Mississippi River Valley alluvial
aquifer in the northern part of the study area and per-
meable zone A in the southern part, the general pattern
of hydraulic head (pl. 54) and flow (pl. 6A) has been
altered in several areas with large pumpage. Areas with
some of the largest ground-water withdrawals from
layer 11 are Houston, Texas, and a farming area about
80 mi southwest of Houston, southwestern Louisiana,
and the Grand Prairie area of central Arkansas. There
would have been much more drawdown from this huge
volume of pumping except that the layer is close to sur-
face sources of recharge, has a high sand percentage,
and has substantial hydraulic conductivity. Water-table
storage may be a factor, but it is thought to be a minor
contributor because the water levels have begun to
reach steady state. Throughout most of coastal eastern
Texas, coastal Mississippi, and some parts of southern
Louisiana, upward flow into layer 11 before develop-
ment became downward flow out of the layer (pl. 6A)
as ground-water withdrawals increased. Vertical flow
direction reversed throughout most of the area under-
lain by the Mississippi River Valley alluvial aquifer as
well. The offshore horizontal flows in layer 11 (perme-
able zone A) are about the same as existed prior to
development.

PERMEABLE ZONE B (LOWER PLEISTOCENE-
UPPER PLIOCENE DEPOSITS)

The 1985 offshore flow in layer 10 (permeable zone
B) is substantially altered from the predevelopment
condition (pls. 3B, 6B). Many of the cones of drawdown
have lowered the hydraulic head to well below sea level
(pl. 5B). In an area that extends up to 70 mi offshore
from the Houston area, the horizontal flow toward the
coast is larger than predevelopment flow, and in that
part of the area extending up to 50 mi offshore, former
upward flow from layer 9 becomes downward flow out
of layer 10 and into layer 9. Horizontal flow in an inland
direction increased along the coast of Louisiana. Hori-
zontal flow toward the coastline also increased offshore
from southern Mississippi.

Layer 10 contains more than 10 separate cones of
drawdown, of which 3 have simulated drawdown
exceeding 100 ft since predevelopment (pl. 4B) near
Houston, Texas, at Baton Rouge, Louisiana, and Gulf-
port, Mississippi. Hydraulic head had dropped below
sea level by 1987 at these locations and also north of
Beaumont, Texas. The model does not simulate enough
drawdown at Kingsville, Texas: the observed draw-
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down is more than 100 ft and the 1987 head is also
below sea level. Despite all of the drawdown in layer
10, throughout most of coastal eastern Texas, coastal
Mississippi, and several parts of southern Louisiana,
former upward flow into the bottom of layer 10 (pl. 3B)
during predevelopment had reversed to downward
flow out of the layer (pl. 6B) by 1987. The flow out of
layer 10 is due to drawdown in the underlying layer 9.

PERMEABLE ZONE C (LOWER PLIOCENE-
UPPER MIOCENE DEPOSITS)

Layer 9, or permeable zone C, has the maximum
simulated drawdown of any layer, with more than
400 ft near Houston, Texas, and with five cones having
more than 100 ft of simulated drawdown (pl. 4C). The
four other areas with large drawdowns are north of
Beaumont in Texas, Baton Rouge in Louisiana, and
Gulfport and Pascagoula in Mississippi. At all five loca-
tions the simulated 1987 hydraulic head is below sea
level (pl. 5C).

In a few places along the updip extent of layer 9,
especially in central Louisiana, there is more downward
vertical flow out of layer 9 in 1987 than before develop-
ment. There were very few other vertical flow reversals
at the base of the layer, except that many of the former
upward vertical flows under predevelopment condi-
tions (pl. 3C) became much larger (pl. 6C) after ground-
water withdrawals began. Pumping onshore in and
around Houston has changed flow directions more than
45 degrees or flow rates more than 50 percent in the
brine part of layer 10. The area where flow directions
have changed is about 6,000 to 8,000 mi? and extends as
far as about 60 mi offshore. Changes in flow directions
and volumes of similar magnitude were simulated
throughout a large area in the brine part of layer 9 in
south-central Louisiana.

PERMEABLE ZONE D (MIDDLE MIOCENE DEPOSITS)

Although there is little pumpage from layer 8 (per-
meable zone D) in the Houston area in Texas, very large
drawdown is simulated in this area in response to
pumping in shallower layers (pl. 4D). A similar situa-
tion also exists to some extent in layer 8 near the Baton
Rouge area in Louisiana. Pumping in layer 8 has created
cones of drawdown with drawdowns of over 200 ft at
Pascagoula, Mississippi, and at Alexandria, Louisiana,
and the simulated 1987 head is below sea level (pl. 5D).
Several other areas have lesser but still substantial
drawdown (pl. 4D). Drawdown in layer 8 (pls. 4D, 5D)
in Claiborne County, Mississippi, is due to withdrawal
of ground water from the Mississippi River Valley allu-
vial aquifer for a powerplant, beginning in the early
1980's.
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The distribution of vertical flow relative to the base
of layer 8 did not change much from predevelopment
conditions (pl. 3D) to 1987 conditions (pl. 6D), except
for an area in south-central Louisiana where small
downward flows reversed to upward flows. In this area,
the horizontal flow magnitude also increased and flow
direction shifted to the east, toward the cone of draw-
down created by pumping in shallower layers at Baton
Rouge. Another change in horizontal flow was in the
cone of drawdown surrounding Bogalusa, in Washing-
ton Parish, Louisiana, on the Louisiana-Mississippi bor-
der.

PERMEABLE ZONE E (LOWER MIOCENE-
UPPER OLIGOCENE DEPOSITS)

Layer 7 (permeable zone E) has numerous cones of
simulated drawdown (pl. 4E), none of which exceed
100 ft. The simulated cone at Laurel, Mississippi, under-
estimates the observed drawdown, probably because
the pumpage occurs from a small area that is not accu-
rately represented in the coarse-mesh model. The larg-
est and most extreme simulated drawdown occurs in
the Alexandria area of Louisiana. A rather large cone
exists to the west of Houston, Texas, but it is not as deep
as the one at Alexandria.

The distribution of vertical flow across the Vicks-
burg-Jackson confining unit (upward into layer 7) is not
greatly changed from predevelopment conditions. In a
few parts of southern Louisiana, Mississippi, and Ala-
bama, and in the western tip of Florida, small down-
ward flows (pl. 3E) have reversed direction to upward
flows (pl. 6E). Horizontal flows in layer 7 have not
changed greatly either, although there are many occur-
rences of flow being diverted towards one of the many
small pumping cones.

UPPER CLAIBORNE AQUIFER

By 1987, layer 6 (upper Claiborne aquifer) had at
least seven areas with regional drawdown even though
most of the cones of drawdown are related to pumping
in other layers. Very little ground water is withdrawn
from layer 6 (fig. 35, pl. 4F). For example, at Alexandria,
Louisiana, there is drawdown in layer 6 because of
pumping in the layers above. The drawdown at Alexan-
dria is interesting because the ground-water withdraw-
als are from layer 8 above the thick Vicksburg-Jackson
confining unit. At Bryan, Texas, and in central Arkan-
sas, drawdown in layer 6 is mostly in response to
pumping in layer 5 below. At Jackson and Greenville in
Mississippi, the drawdown is due to pumping from
layer 6. The shape of the regional hydraulic-head sur-
face of layer 6 has not greatly changed due to ground-
water pumping (pls. 2F, 5F).
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Layer 6 subcrops beneath the Mississippi River Val-
ley alluvial aquifer throughout a broad area and
becomes a conduit from recharge areas to discharge
areas associated with other aquifers. The vertical flow
across the base of layer 6 was different in 1985 (pl. 6F)
than it was under predevelopment conditions (pl. 3F),
especially in the Mississippi embayment. In and around
Memphis, Tennessee, and across western Arkansas, the
upward flow of ground water to the regional discharge
area was reversed to downward flow into layer 5, which
is heavily pumped. In the Texas coastal uplands aquifer
system, the pattern of flow is not greatly changed. The
horizontal flows are not changed as much as the vertical
flows in the Mississippi embayment aquifer system.
The largest regional discharge area still occurs in north-
ern Louisiana.

MIDDLE CLAIBORNE AQUIFER

Layer 5, or the middle Claiborne aquifer, had more
than 15 different cones of drawdown in 1987 (pl. 4G).
This includes several large cones where large quantities
of water are pumped out of layer 5, such as at Memphis,
Tennessee, central Arkansas, and northern Louisiana.
The simulated drawdown in layer 5 in central Arkansas
and northern Louisiana substantially underestimates
the observed drawdown. This error will be discussed in
the supplement "Simulation Details.” Layer 5 also has
some large cones of drawdown where much of the
pumping is from adjacent aquifers, such as layer 4 in
the Winter Garden area of southern Texas and also to
some extent in layer 6 in central Mississippi near Jack-
son. Despite all of the drawdown in layer 5, the 1987
potentiometric surface (pl. 5G) still generally resembles
the predevelopment potentiometric surface (pl. 2G)
with the large regional flow area in southern Arkansas
and northern Louisiana.

Vertical flow between layer 5 and the underlying
layer changed considerably in certain areas from prede-
velopment (pl. 3G) to 1985 (pl. 6G). Most notable was
the large-scale reversal of flow in the Winter Garden
area where generally upward vertical flow changed to
large downward flow throughout an extensive area.
Other areas where vertical flow direction changed from
upward to downward are in northwestern Arkansas,
western Tennessee, eastern Texas, and central Missis-
sippi. In the Memphis area of Tennessee, small upward
vertical flows became very large, maintaining the
upward direction. Large patterns of concentric horizon-
tal flows that did not exist prior to development (pl. 3G)
can be seen on the 1985 simulated flow map (pl. 6G).

LOWER CLAIBORNE-UPPER WILCOX AQUIFER

Layer 4, the lower Claiborne-upper Wilcox aquifer,
contains the largest area of any aquifers with more than
40 ft of simulated drawdown from predevelopment to
1987 (fig. 37). The extensive area having 40 ft or more
drawdown is due to the large area of public-supply
pumping around Memphis, Tennessee, in the Missis-
sippi embayment aquifer system, and in the Winter
Garden area of southern Texas, where intensive pump-
ing for irrigation causes widespread drawdown
(pl. 4H). Also, more than 80 percent of the area under-
lain by layer 4 had more than 10 ft of simulated draw-
down from predevelopment to 1987, a much higher
percentage than any other layer (fig. 37). This is due in
part to the model design in which the massive sand unit
at the top of the Wilcox Group is defined as layer 4 and
has a more limited extent, especially downdip.

Throughout a large part of the Mississippi embay-
ment aquifer system, the drawdown in layer 4 is caused
by pumping in layer 5 because the two layers either are
not separated by a regional confining unit north of 35°
latitude (Hosman and Weiss, 1991) or are separated by a
leaky confining unit. Note, however, that where the two
layers are not separated, the heads are not exactly equal
(pls. 5G, 5H), but the difference may be too small to be
observed onsite when combined with other factors
causing differences (horizontal location of wells and
timing of measurements). Even though there is no inter-
vening regional confining unit and the units are gener-
ally sandy, the interbedded fine-grained sediments do
tend to restrict vertical flow.

The simulated potentiometric surface for layer 4 in
1987 (pl. 5H) is largely changed from the predevelop-
ment surface (pl. 2H) in the Winter Garden area, the
Memphis area, and in a couple of cones of drawdown in
eastern Texas. In other areas, the configuration of the
surface is largely similar to what it was in predevelop-
ment except that most of the heads are lowered.

Over the study area, downward flow between layer
4 and the layer below it increased from 153 Mgal/d in
predevelopment to 236 Mgal/d in 1985 while upward
flow stayed about the same (fig. 33). The direction of
vertical flow also changed in many locations. In the
Winter Garden area, changes in vertical flow volume
and direction developed (pls. 3H, 6H). The horizontal
flow in the Winter Garden area also changed consider-
ably from a southward and westward direction in pre-
development to generally horizontal radial flow in 1985
toward a point about 30 mi downdip from the land-
ward extent of the aquifer. Horizontal flow direction
changed all the way to the downdip limit of the aquifer.
In the general vicinity of the Brazos River, the vertical
flow also reversed to become downward. Around Tyler



F72

in northeastern Texas, the vertical flow reversed from
downward to upward due to pumping in layer 4 where
there was also horizontal radial flow toward the center
of pumping.

In the Mississippi embayment aquifer system, in
layer 4 south of about 33.5° latitude, there are no notice-
able differences in flow in the downdip part of the layer
except for an increase in downward flow in south-cen-
tral Mississippi. Farther north in the embayment,
pumping causes several sizable changes in ground-
water flow. West of the Mississippi River across from
Tennessee, the vertical flow relative to the base of layer
4 reversed from upward to downward in 1985. The flow
reversal affected four adjacent aquifers, with water
flowing downward through layers 4 and 3 to satisfy a
small volume of pumping from layer 2. Apparently the
distances to layer 2 outcrop areas with direct recharge
are so great that most of the flow to the pumping cen-
ters has to be drawn vertically from above where the
flow paths are short and the hydraulic gradients rela-
tively steep even though the vertical permeability is
low. The reversal of vertical flow directions is also
shown in the head profiles shown on section N-N'
(pl. 1N). However, just east of the Mississippi River at
Mempbhis, the vertical flow changed from downward in
predevelopment to upward in 1985 to supply pumping
in layer 5. This flow reversal also affected the vertical
flows between layers 2 through 5.

MIDDLE WILCOX AQUIFER

Layer 3, or the middle Wilcox aquifer, has a pattern

of drawdown that is very similar to the pattern of draw-

down at the same locations in layer 4 (pl. 4I). In general,
the drawdown in layer 3 is slightly less than the draw-
down at the same location in layer 4. The total pumpage
in layer 3 is about one-fourth of the amount of pumpage
in layer 4, and much of the pumpage occurs in the top
part of layer 3 adjacent to pumping in layer 4. One
exception is in Brazos County in east-central Texas at
Bryan and College Station. Here, the most productive
part of layer 3 is a massive sand locally known as the
Simsboro Formation (G.E. Fogg, The University of
Texas at Austin Bureau of Economic Geology, oral com-
mun., 1988). The drawdown in layer 3 is greater than in
layer 4 because almost all of the ground water with-
drawn at this location is from layer 3. Except as noted,
the changes in the hydraulic gradient in layer 3 are sim-
ilar to the changes in layer 4.

In 1985, just as in predevelopment times (pl. 3I), the
horizontal flow in the middle Wilcox aquifer, layer 3, is
much larger in the Texas coastal uplands aquifer system
than it is in the Mississippi embayment aquifer system
(pl. 6I). The layer flows are mainly due to larger
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hydraulic conductivity (fig. 14) and thickness of layer 3
in Texas (fig. 12A) than to the east. In the Mississippi
embayment aquifer system, some hydrologists consider
the middle Wilcox aquifer (layer 3) to be a confining
unit. It does act like a confining unit in many locations
when considered on a local scale. The horizontal flow in
layer 3 in Texas did not change much during develop-
ment except for flow to some pumping centers, espe-
cially the Winter Garden area, where flows from the
outcrop on the northern side of the Winter Garden area
increased considerably (pls. 31, 6I). The lateral flows in
the Mississippi embayment aquifer system were gener-
ally small during predevelopment except for a few loca-
tions (pl. 3I), and the changes that occurred were also
small (pl. 6I). Vertical flow relative to the base of layer 3
was not simulated in the Texas coastal uplands aquifer
system because layer 2 does not exist in Texas. There
were no substantial changes in vertical flow in layer 3 in
the Mississippi embayment aquifer system other than
the ones noted the discussion of layer 4.

LOWER WILCOX AQUIFER

There are only a few cones of drawdown in the
lower Wilcox aquifer (layer 2) (pl. 4]), near Memphis,
Tennessee, central Arkansas, northern Louisiana, and
east-central Mississippi. The simulated drawdown at
Memphis exceeded 100 ft, whereas the other areas had
drawdowns of only 30-50 ft. At the two locations west
of the Mississippi River, the main pumping is much
shallower, yet the drawdown extends far downdip
where the concentration of dissolved solids in ground
water exceeds 10,000 mg/L (pl. 4]). The shape of the
horizontal hydraulic-head gradient in 1987 (pl. 5]) is
very similar to what it was in predevelopment times
(pl. 2]) except for the cone of drawdown at Memphis.

Some differences in horizontal flow due to ground-
water pumpage in layer 2 (pl. 6/) were simulated.
Although the general pattern in 1985 is not greatly dif-
ferent from predevelopment, the flow that originally
moved across the northern embayment to discharge to
the subcrop of layer 2 is captured by the pumpage at
west Memphis and other well fields in layer 2 located in
Arkansas. The change is indicated by the flow vectors
pointing in the opposite direction from the predevelop-
ment flow direction in the area west of Memphis (pl. 6]).

REGIONAL RECHARGE AND DISCHARGE

The rates (fig.38) and distribution (fig. 39) of
regional recharge and discharge were substantially
changed by development of the ground-water resource.
The 1985 pumpage was about three times greater than
the rate of predevelopment regional recharge. Pumpage
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Upward vertical discharge from the layers subcrop-
ping the Mississippi River Valley alluvial aquifer
decreased by nearly one-half, and downward flow into
the subcropping layers increased to more than double
its predevelopment value (fig. 33). Layer 6 continued to
have the most flow interactions with the alluvium,
probably due to the large area of contact. Layer 6 has

minimal pumpage yet has large inflows and outflows. It

is the only layer in which the change in recharge was
much larger than the 1985 pumpage. Layer 6 acts as a
large regional conduit, carrying water from recharge
areas along regional flow paths (pl. 6) to cones of draw-
down caused by pumping in deeper layers.

Layers 3 through 5 and 8 through 11 have ratios of
net recharge (total recharge minus total discharge) in
the outcrop (and subcrop of layer 11) to pumpage of
between 0.68 and 1.01. These ratios indicate that on the
average, most of the water withdrawn from the layer
was supplied from increased recharge and decreased
discharge within the layer itself rather than by inflow
from adjacent layers. The ratios for layers 2 and 7,
which have very narrow outcrop and subcrop bands
(fig. 11), were only 0.04 and 0.17, indicating that most of
the pumpage was supplied by vertical flow from adja-
cent layers. The ratio for layer 6, which has a very wide
outcrop and subcrop band, was 2.16, indicating that it
was capturing additional recharge and discharge. Layer
6 supplied the excess flow as leakage to underlying lay-
ers to satisfy pumpage from other layers, primarily
layer 5.

The direction of vertical flow and an indication of its
magnitude during both predevelopment and 1985 con-
ditions are shown on the sections that also show both
hydraulic-head profiles (pl. 1). The head profiles do not
always indicate flow directions in the brine part of the
aquifer system. The location of brine water can be
approximated by the concentrations of dissolved solids
that exceed 35,000 mg/L as posted on the sections.

AQUIFER STORAGE

The simulated proportion of pumpage being sup-

plied from confined aquifer storage in 1985 was less |

than 3 percent (fig. 38). This is a small percentage, as
was the figure of 7 percent supplied by storage in a sim-
ulation of 1985 conditions by Kuiper (1994). The total
simulated change in confined storage for the period
1925-87 was about 3.5 x 102 gal, or about 4 percent of
the total pumpage of 88 x 10'2 gal. The change in water-
table storage was not simulated because a constant-
head layer was used to simulate regional recharge and
discharge and because the observed change in water-
table storage volume was not estimated due to the lack
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of water-table measurements over time. This limitation
will be discussed more fully in the supplement "Simula-
tion Details." In addition to the simulated change in
confined storage, figures 38 and 40 also show changes
in water-table storage simulated by a subregional
model for the Mississippi River Valley alluvial aquifer
(Ackerman, 1996).

Although only a small proportion of 1985 pumping
was supplied from aquifer storage, on the average the
lateral extents of cones of drawdown are far from where
they would eventually stabilize if 1985 pumping condi-
tions were continued until equilibrium was reached. As
a cone of drawdown expands, its area increases greatly
(in proportion to the square of the radius), so a very
large volume of water from aquifer storage is released
with a small change in hydraulic head. Therefore, when
the cone becomes large, its rate of lateral expansion
slows substantially. If no boundaries or sources are
intersected in a large flow system, the cone will keep
extending very slowly over a very long period of time.
This effect was demonstrated by Williamson and others
(1990, p. 110-112) by comparing two simulations. One
simulated the aquifer system under 1980 conditions
with some water being released from aquifer storage,
and the other simulated no aquifer storage available so
that the maximum steady-state drawdown was
reached. The 50-ft contour of the cone of drawdown in
layer 10 moved from 5 mi offshore in 1980 to 30 mi off-
shore when steady-state conditions were reached. The
25-ft contour of drawdown in layer 10 moved from
30 mi offshore in 1980 to near the edge of the Continen-
tal Shelf about 100 mi offshore when steady-state condi-
tions were reached. The drawdown near the center of
the cones is nearly equal in both simulations (William-
son and others, 1990).

The area with the largest proportion of flow coming
from confined storage in 1987 is the eastern coastal low-
lands area (fig. 40). This is partly due to the fact that
withdrawals in some other areas that are more exten-
sively developed actually declined in the 1980's. Most of
the change in storage in the Mississippi Alluvial Plain
area is from water-table changes (Ackerman, 1996) that
are unevaluated for the other areas, as was mentioned
at the beginning of this section. Many of the interarea
flows stayed relatively constant (figs. 31, 40) despite
large changes in other components of the ground-water
budget.

Long-term changes in depth to water in wells indi-
cate trends in ground-water storage. A summary of
about 200,000 measurements from about 2,500 shallow
wells shows a decline from the mid-1940's until the
early 1970's, when the water levels began to stabilize
(Williamson and others, 1990, fig. 22). This stabilization
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probably was due to the decrease in industrial pump-
age in the areas that had previously had the largest
declines. The areas with the largest increases in pump-
age are mostly irrigated areas underlain by the Missis-
sippi River Valley alluvial aquifer, which has large
hydraulic conductivity, short distances to large surface-
water bodies, and, in places, a large storage coefficient,
due to water-table conditions. All of these factors
contribute to a relatively small drawdown. This sum-
mary of changes in ground-water storage was made
using a procedure outlined by Williamson and others
(1990, p. 69).

LAND SUBSIDENCE

Decreases in hydraulic head due to pumping cause
increased loading on the skeleton of the aquifers and
can cause compaction and land subsidence if the fine-
grained deposits are deformable. This has a great effect
on the aquifers because the effective storage coefficient
during compaction could be two or more orders of mag-
nitude larger than the elastic storage coefficient of a
confined aquifer, thus slowing the head decline by pro-
viding a source of water to the pumping wells. Prudic
and Williamson (1986) used a technique to simulate a
compacting regional aquifer in the Central Valley of
California similar to the method Meyer and Carr (1979)
used in the Houston area of Texas. More recently, Leake
and Prudic (1987, 1988) and Leake (1990) have
enhanced the method to an implicit formulation that is
more accurate. Kuiper (1994) independently developed
a similar technique that is used in this study.

The subsidence algorithm in the model operates so
that if the hydraulic head in the aquifer drops more
than a set amount, called the critical head (80 ft was
used), the elastic storage coefficient is switched to an
inelastic value, which is commonly two or more orders
of magnitude larger than the confined storage value.
The critical head is then reset to the new lowest head
value in that model block. Thus the process inside fine-
grained beds of the aquifer system is simulated where
there is compaction. If the head rises above the previous
lowest value, called the critical head, then the storage
switches back to the confined value. The simulated land
subsidence is estimated by summing the volumes of
change in confined storage in a grid cell and dividing
by the area to get a depth of water removed from stor-
age. The amount of water removed from confined stor-
age approximately equals the volume of land
subsidence over a large area. The part of this land-sur-
face change that is caused by change in elastic confined
storage would rebound if the water levels rose again, as
is the case in the San Joaquin Valley in California and
elsewhere.
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Simulated land subsidence caused by withdrawal of
ground water generally approximates the major fea-
tures of estimated land subsidence in the study area
(fig. 41). Subsidence has been observed for the period
1906-83 in the Houston area (Gabrysch, 1969, 1977,
1982, 1984), and although it was simulated for the
period 1925-87, both periods should show similar sub-
sidence. A maximum of 1.2 ft of land subsidence has
also been observed in the Baton Rouge area of Louisi-
ana from 1934 to 1976 (Whiteman, 1980, fig.1).
Although subsidence has only been documented in
some detail in those two areas, it may have occurred
elsewhere. Subsidence over large areas commonly goes
unnoticed until it reaches several feet in magnitude,
especially in an inland area where it will not contribute
to flooding. At inland locations, subsidence may occur
without any other effects if it proceeds slowly enough
and over a large enough area, as is commonly the case
when it is caused by widespread ground-water with-
drawals.

Two national studies (Chi and Reilinger, 1984; Hold-
ahl and Morrison, 1974) of geodetic data for evidence of
land subsidence at benchmarks have isolated vertical
movements that might be related to land subsidence in
the study area (fig. 41, table 4). At Robstown, Texas, the
estimated subsidence probably resulted from oil pro-
duction (RK. Gabrysch, U.S. Geological Survey, oral
commun., 1991). Near New Orleans, Louisiana, the esti-
mated land subsidence is probably mostly due to com-
paction of peat soils (Snowden, Simmons, and others,
1977; Snowden, Ward and Studlick, 1980). No inelastic
compaction was simulated in the Eocene-age sediments
because it was presumed that they had already under-
gone previous consolidation stresses. That assumption
may not hold for all locations, which could account for
some of the discrepancies shown in figure 41.

Little of the water pumped comes from confined
aquifer storage even when the water from inelastic stor-
age is included in the totals. In the Houston area, only 8
percent of the pumpage was from confined and com-
paction storage by 1987 (fig. 53). Nearly all of the water
derived from storage in the Houston area was from
layer 9. About 31 percent of the water pumped from
layer 9 in this area was from confined and inelastic stor-
age combined.

GROUND-WATER VELOCITY AND POTENTIAL FOR
SALINE-WATER INTRUSION

Large-scale ground-water pumpage in the fresh-
water part of the aquifer systems has markedly changed
flow patterns in the brine part of the systems and
induced flow updip toward pumping areas (compare
pls. 3, 6). However, it will take decades or centuries for
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ing effects of development that are more striking than
the budget for the entire southeastern Texas area
(fig. 48). The Houston area is defined for this purpose as
the part of the coastal lowlands aquifer system between
model rows 56 and 70 (fig. 2). The outcropping part of
each layer is defined separately from the downdip part
of the respective model layers for the summaries of
flows presented in figure 53. Most of the change in con-
fined storage in 1982-87 in the southeastern Texas area
(81 Mgal/d, fig. 48) was in the downdip portion of
permeable zone C (layer 9) in the Houston area (49
Mgal/d, fig. 53). Change in confined storage accounts
for about 31 percent of the water pumped out of the
nonoutcropping part of permeable zone C (layer 9) in
the Houston area.

Another striking change in permeable zone C (layer
9) was the flow from the brine part of the layer toward
the part that has relatively fresh water. The flow
increased by a factor of 7 to nearly 42 Mgal/d in 1985
(fig. 53). This brine flow accounted for about 27 percent
of the volume of flow toward the pumping wells in the
nonoutcropping part of permeable zone C (layer 9).
Owing to the large distances (tens of miles) from the
locations with brine water to pumping centers and the
relatively slow movement of ground water, wells will
not necessarily be withdrawing any part of the brine
water now or possibly even in the next few decades.
Another large component of flow toward the cone of
drawdown in permeable zone C (layer 9) was net
downward flow from permeable zone B (layer 10),
which amounted to about 29 percent of the pumpage in
permeable zone C (fig. 53). Only about 8 percent of the
pumpage from permeable zone C (layer 9) was supplied
by recharge in the outcrop and flow downdip in the
zone (fig. 53).

There were also changes in the flows in permeable
zone B (layer 10) in the Houston area (fig. 53). As above,
the net vertical flow was from the underlying perme-
" able zone C (layer 9) in predevelopment conditions. By
1987 the flow direction had largely reversed, with flow
moving down from permeable zone B (layer 10) to per-
meable zone C (layer 9). The net recharge to outcrop
areas of model permeable zone B (layer 10) increased by
a factor of four, to about 82 Mgal/d. Net vertical flow
upward to permeable zone A (layer 11), which had been
about 47 Mgal/d, reversed to about 210 Mgal/d down-
ward. Interestingly, the flow into the brine area of per-
meable zone A (layer 11) increased due to development,
probably to replenish water that flowed out of the brine
area of permeable zone A (layer 11) and down into the

fresher part of permeable zone B (layer 10). There were.

only small changes in the flows within permeable zones
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D and E (layers 7, 8) in the Houston area because there
was little pumpage from those zones.

Simulations indicate that no single permeable zone
has the most potential for ground-water development
in the southeastern Texas area (fig. 52). With a few
exceptions the permeable zone with the most potential
is generally the shallowest one that exists at that loca-
tion. One exception is west of Houston, where perme-
able zone A (layer 11) is at the surface, but permeable
zone C (layer 9) has the most potential for ground-
water development in three blocks and permeable zone

. B (layer 10) in another block (fig. 52). Permeable zone A

(layer 11) has the largest outcrop area and hence the
most potential for ground-water development, gener-
ally good or excellent except west and south of Houston
and in some areas along the coast (fig. 51A). Permeable
zone B (layer 10) has a considerable area with good
potential for ground-water development (fig. 51B). Per-
meable zone C (layer 9) has a narrow strip with good
potential for ground-water development (fig. 51C). Per-
meable zone D (layer 8) has some area with good and
some area with excellent potential for ground-water
development, especially toward the east (fig. 51D). Per-
meable zone E (layer 7) has very little potential for
ground-water development in the southeastern Texas
area (fig. 51E).

Land subsidence is a possible effect of future devel-
opment of ground water, as it has been in the past in the
southeastern Texas area. Subsidence is less likely at
locations with good potential for ground-water devel-
opment shown on the maps (fig. 51A-E) because those
areas are in close proximity to sources of recharge.

SOUTHWESTERN LOUISIANA AREA

In the southwestern Louisiana area, ground-water
pumpage peaked in 1980 (which was only slightly more
than in 1970) and then decreased slightly during 1985
(fig. 49). Natural regional discharge decreased to about
one-fifth of its predevelopment value. Regional
recharge increased by more than a factor of four. The
maximum pumpage is nearly six times the value of pre-
development regional recharge. Contributions from
confined storage reached a peak in 1970 and were about
3 percent of the pumpage. Inflow from other areas was
more than twice the outflow to other areas and was
increasing somewhat throughout the whole period.

The greater relative potential for ground-water
development is toward the western Louisiana border
for most permeable zones. Permeable zone A (layer 11)
has the largest outcrop area and hence the greatest
potential for ground-water development, generally
excellent or good (fig. 51A). Permeable zone B (layer 10)
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has some area with good and some area (toward the
west) with excellent potential for ground-water devel-
opment (fig. 51B). One area in the central part of layer
10 in southwestern Louisiana has only fair potential.
Permeable zone C (layer 9) has two strips with good
potential for ground-water development, one toward
the west and one toward the east (fig. 51C). Permeable
zone D (layer 8) exhibits a pattern similar to layer 9 (fig.
51D). Permeable zone E (layer 7) has very little potential
for ground-water development in the southwestern
Louisiana area (fig. 51E).

EASTERN COASTAL LOWLANDS AREA

In the eastern coastal lowlands area, ground-water
pumpage peaked in 1980 and decreased slightly by 1985
(fig. 50). Natural regional discharge decreased to about
one-half of its predevelopment value. Regional recharge
increased by almost 50 percent. The maximum pump-
age is slightly larger than the value of predevelopment
regional recharge. Contribution from confined storage
reached a peak in 1970 and was about 22 percent of the
pumpage. This is the largest proportion of pumpage
coming from confined storage of any area, possibly
because ground-water development has increased more
recently in this area. Inflow from other areas was some-
what less than the outflow to other areas. Inflow nearly
doubled, and outflow decreased slightly during the
period.

Nearly all of the permeable zones exhibit a north-
south trend of greater potential for ground-water devel-
opment along or slightly to the west of the Pearl River.
Simulations show that no single permeable zone has the
most potential for ground-water development in the
eastern coastal lowlands area (fig.52). With a few
exceptions, the permeable zone with the most potential
is generally the shallowest one that exists at that loca-
tion. Permeable zone A (layer 11) has the largest out-
crop area and hence the most potential for ground-
water development, generally excellent or good except
in the birdfoot delta area of the Mississippi River and in
coastal Hancock County in Mississippi (fig. 51A4). Per-
meable zone B (layer 10) has an area with excellent
potential for ground-water development north of Lake
Pontchartrain and several narrow bands with good
potential (fig. 51B). Permeable zone C (layer 9) has sev-
eral bands with good potential for ground-water devel-
opment and some narrower areas with excellent
potential in southern Mississippi and Alabama (fig.
51C). Permeable zone D (layer 8) has a considerable
area with excellent potential for ground-water develop-
ment in a wide strip along the Pear] River and in south-
ern Alabama (fig. 51D). Adjoining those areas are strips
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with good potential for ground-water development in
layer 8. Permeable zone E (layer 7) has a strip along the
Pear] River with good potential for ground-water devel-
opment (fig. 51E).

There is a large potential for further development of
the entire ground-water resource. Doubling the pump-
age to 20 Ggal/d might be accomplished without
unreasonable consequences if the pattern of additional
pumping was carefully designed. Doubling the pump-
age was tested by using the pumping additions propor-
tional to the potential for development (fig. 51).
Therefore, model blocks were assigned pumpage
according to table 5. The resulting pumpage distribu-
tion was simulated in the model, resulting in an average
drawdown of 60 ft. Although this distribution of pump-
age is impractical, it demonstrates the large potential
for development.

TABLE 5.—Distribution of pumpage in maximum development
simulation according to the estimated potential for
ground-water development]

Potential for future (millicinu;nall)lz:) i;a:rggay per
ground-water development 100-square-mile block)
Excellent 15t0 38
Good 1.8t0 15
Fair 0.35t0 1.8
Poor 0.04 to 0.35
Virtually none 0 to 0.04

Ipotential ranges taken from figure 51. Pumpage range calculated
from log-log curve relating pumpage to the drawdown shown in figure 51
from constant incremental pumping. Pumpage limited to 38 million
gallons per day. These pumpages were for 100-square-mile block values
for each block where relatively fresh water (less than 10,000 milligrams
per liter) is present.

SUMMARY AND CONCLUSIONS

The Gulf Coast Regional Aquifer-System Analysis
(Gulf Coast RASA) study area encompasses approxi-
mately 230,000 mi? onshore in parts of Alabama, Arkan-
sas, Florida, Illinois, Kentucky, Mississippi, Missouri,
Tennessee, Texas, and all of Louisiana. The aquifer sys-
tems (and the study area) extend offshore beneath the
Gulf of Mexico to include an additional 60,000 mi? and
are truncated at the edge of the Continental Shelf. The
Gulf Coast RASA study is limited to coastal plain sedi-
ments of mostly Cenozoic age except for the northern-
most part of the area where it includes sediments of
Late Cretaceous age. The geohydrologic units generally
thicken toward the Gulf of Mexico and reach a com-
bined thickness of more than 17,000 ft near the coastline
of southeastern Louisiana. The shallower parts of the
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aquifers contain freshwater, but the deeper and offshore
parts contain mostly highly mineralized water. Nearly
10 Ggal/d of ground water was withdrawn from the
aquifers in 1985, mostly for irrigation, but public supply
and industrial uses are also important.

The study area is a gently sloping coastal plain in a
mostly humid, temperate climate, underlain by thick,
mostly clastic sediments deposited in a gulfward offlap-
ping sequence. Historical sea-level oscillations caused
cyclical sedimentation. Depositional environments
alternating from predominantly continental to predomi-
nantly marine resulted in alternating fine-grained and
more coarse-grained deposits. The base of the aquifer
system in the north is at the top of the Midway confin-
ing unit and in the southern part of the area is at the
transition zone into geopressured sediments. Though
faults are common, fault throws are generally not great
enough to entirely offset the full thickness of the
regional hydrologic units described in this report,
although individual beds could be offset. Many salt
domes are present in several basins of the gulf coast
regional aquifer systems. The highly mineralized
ground water, which probably has resulted from salt-
dome dissolution, largely affects regional flow by creat-
ing areas with high fluid densities.

Three aquifer systems have been delineated in the
Gulf Coast RASA study area: (1) the Mississippi embay-
ment aquifer system, (2) the Texas coastal uplands aqui-
fer system, and (3) the coastal lowlands aquifer system.

Although all three aquifer systems are mixtures of fine- |

and coarse-grained sediments, the fine-grained beds in
the coastal lowlands aquifer system are generally thin-
ner, dispersed vertically throughout the aquifers, and
not areally as extensive. The aquifer systems were
divided into 10 aquifers and 5 regional confining units,
each of which was defined as a separate layer in a three-
dimensional, variable density, finite-difference ground-
water flow model. The model grid consists of 102 by 58
cells that are each 10 mi on a side. The water density,
although variable in space, is assumed to be approxi-
mately constant in time, a valid assumption given the
large model blocks and simulation time that is short rel-
ative to transport times. The model accounted for irre-
versible compaction of fine-grained beds, resulting in
water being released from storage in fine-grained beds
and in land subsidence. Many of the aquifer characteris-
tics such as thickness, sand percentage, and water den-
sity (based on concentration of dissolved solids,
temperature, and pressure) were derived from a com-
puterized file of 989 geophysical logs.

The factors that controlled regional ground-water
flow in the aquifer systems under predevelopment con-
ditions are, in order of importance of effect (1) topogra-
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phy; (2) outcrop and subcrop pattern and geometry of
aquifers, permeable zones, and confining units; (3) vari-
ation of hydraulic properties of aquifers, permeable
zones, and confining units; (4) distribution of density
and brines; and (5) downdip limits of geohydrologic
units and geologic structure.

Topography is the most significant factor controlling
predevelopment ground-water flow because the rela-
tively humid climate maintains the aquifer systems
generally full to overflowing with ground water. There-
fore, the amount and distribution of regional recharge
and discharge were proportional to the topographic
gradient and the conductance of the aquifer. The major
variations in subsurface permeability have been
accounted for simply by delineation of aquifers and
confining units. Sand-bed hydraulic conductivity
increases from the western side of the study area
toward the eastern side. Regional effective hydraulic
conductivity varies as a power function of sand percent-
age because as the sand percentage decreases, the
degree of hydraulic connection of the sand beds also
decreases. Conductivity also decreases with depth due
to compaction.

About one-third of the aquifer system studied con-
tains freshwater, whereas the dissolved-solids concen-
trations of the saline water increases over relatively
short distances to more than 100,000 mg/L. The result-
ing large differences in water density has substantial
effects on ground-water flow both in the saline and the
freshwater part of the system. Many forces apparently
have prevented the more concentrated saline part of the
system from reaching equilibrium. These forces are heat
and salt sources (salt domes), sediment compaction,
geopressured sediments, changing sea level, and a very
large continental shelf requiring long flow paths to
move brine to make adjustments. It is possible that most
of the salt contained in high-concentration brines came
from dissolution of salt domes. Geologic structure
seems to have a small effect on ground-water flow
except indirectly through the geometry of geohydro-
logic units. The effect of the small amount of flow leak-
ing up through the Midway confining unit, which is
composed of marine clays several hundred feet thick,
was found to be insignificant compared to the volume
of flow in the aquifer above it. This may also be true for
the small amounts of flow leaking up out of the

- geopressured zone farther downdip.

One of the most prominent predevelopment flow
paths in the Mississippi embayment aquifer system is

. from a major recharge area in south-central Mississippi,

radiating outward with a major part curving to the
south and then west. A large part of this flow moves
southwestward and then curves northwestward to the
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regional discharge area in northeastern Louisiana. This
curvature in flow paths is due partly to the resistance to
vertical flow downdip. In the Texas coastal uplands
aquifer system, the predominant regional flow pattern
is from recharge areas between major river valleys later-
ally to discharge areas along the valleys. In the coastal
lowlands aquifer system, the predominant flow pattern
is from recharge areas in the updip and topographically
higher areas along the inland edge of the system to dis-
charge areas onshore towards the coast. Flow patterns
in the deeper coastal lowlands aquifer system are more
variable and difficult to interpret because of the large
variability due to the complex three-dimensional distri-
bution of ground-water density.

Predevelopment net regional recharge occurred in
41 percent of the modeled area at the average rate of
about 0.48 in/yr. The model block with the highest rate
was in Mississippi at about 6 in/yr. Predevelopment net
regional discharge occurred on 59 percent of the area at
the rate of about 0.35 in/yr. The model block with the
largest regional discharge was in the Mississippi River
Valley alluvial aquifer at about 4 in/yr. The distribution
of freshwater thickness correlates well with the simu-
lated net regional flow and discharge, indicating that
the regional recharge has flushed saline water and cre-
ated a thick section of freshwater. Some ground water
flows offshore before it is discharged to the ocean, but
most of it discharges before it reaches the coastline.

Massive changes have occurred in the gulf coast
regional aquifer systems in response to large-scale
development of ground water throughout much of the
study area. Development has led to lowering of hydrau-
lic heads, changes in recharge and discharge, changes in
flow velocity, changes in flow direction and magnitude,
changes in water quality, and land subsidence. Total
pumpage increased by a factor of 2.5 during 1960-80
but decreased by 7 percent to 1985. Irrigated agriculture
uses the largest volume (about three-fourths) of ground
water in the study area, and also represents the fastest
growth in ground-water pumpage for the period 1960
to 1985. Much of the increase in agricultural pumpage
was between 1970 and 1980, especially in the Missis-
sippi Alluvial Plain. Other areas with large use of
ground water for irrigation are southwestern Louisiana
and southern Texas. More than 60 percent of the munic-
ipal and industrial pumpage is withdrawn from the
coastal lowlands aquifer system. Ground-water usage
for public supply has continued to increase with the
population, whereas industrial pumpage at many loca-
tions has declined since 1970, largely spurred by the
adverse effects of pumping and economic factors.

Every aquifer or permeable zone has more than one
major cone of drawdown and has maximum block-
averaged drawdowns exceeding 80 ft. The 1985 pump-
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age is more than three times the rate of predevelopment
regional recharge. Pumpage and the resulting declines
in hydraulic head caused the regional recharge to
increase by more than a factor of three to more than 9
Ggal/d by increasing natural recharge and capturing
water that was previously locally discharged. Mean-
while, the regional discharge decreased to about 1
Ggal/d, nearly one-third of its predevelopment value.
Thus, most of the simulated 1985 pumpage was sup-
plied from increased regional recharge. Less than 20
percent of the pumpage was captured natural regional
discharge, and less than 10 percent was from ground-
water storage.

By 1987, the proportion of the study area that con-
tributed net regional recharge had increased by more
than 50 percent, from 41 percent of the study area to 66
percent of the study area. The area that changed from
having net regional discharge to net regional recharge
includes most of the area underlain by the Mississippi
River Valley alluvial aquifer and most of the lowlands
area within about 40 mi of the coastline except in south-
ern Texas. Even offshore, there has been a reversal in the
direction of simulated flow from onshore to the Gulf of
Mexico off the coast near Houston during predevelop-
ment to flow from the Gulf of Mexico toward the coast-
line in 1985.

By 1985, most of the net vertical flows between aqui-
fers changed direction, or at least the magnitude
changed considerably. Downward vertical flows
between aquifers increased substantially in all of the
aquifers and permeable zones as a result of ground-
water pumpage and resultant reversal of vertical-head
gradients. The upper Claiborne aquifer continued to
have the most flow interchange with the Mississippi
River Valley alluvial aquifer, probably due to the large
area of contact. The upper Claiborne has very little
pumpage yet has large inflows and outflows, capturing
additional recharge and discharge and transmitting
them to adjacent layers. The other aquifers are mostly
self-supporting, meaning that most of their pumpage
was supplied from increased recharge and decreased
discharge within the aquifer. In the lower Wilcox aqui-
fer and permeable zone E, which have very narrow out-
crop and subcrop bands, much of the pumpage had to
be supplied by vertical flow from adjacent layers.

In the Houston, Texas area, in the nonoutcropping
part of permeable zone C, change in storage accounted
for 31 percent of the flow toward the pumping wells.
The flow from the brine area accounted for 27 percent of
the volume of pumpage. However, wells will not neces-
sarily be withdrawing any part of the brine water
immediately or possibly even in the near future owing
to the distances from the brine water and the relatively
slow movement of ground water. Another large compo-
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nent of flow toward the cone of drawdown in perme-
able zone C was downward flow from layer 10, which
amounted to 29 percent of the pumpage. Only 8 percent
of the pumpage was supplied by recharge in the out-
crop flowing downdip to the pumping center in perme-
able zone C.

Large-scale ground-water pumpage in the fresh-
water part of the aquifer systems has markedly changed
flow patterns in the brine part and induced flow updip
toward pumping centers. However, it will take decades
or centuries for the brine to reach these pumping areas
because of the relatively slow ground-water velocities
and long flow paths. For example, freshwater pumping
onshore in and around Houston had changed flow
directions more than 45 degrees or flow rates more than
50 percent in the brine part of the lower Pleistocene and
upper Pliocene deposits (permeable zone B; layer 10)
throughout an area of 6,000 to 8,000 mi? that extends as
far as about 60 mi offshore. Block-averaged Darcian
velocities in the brine approach 10 ft/yr. Assuming an
effective porosity of 20 percent, this would mean aver-
age particle velocities of about 50 ft/yr, or about 100 yr
to move 1 mi. These estimates could be in error by an
order of magnitude or more. However, they indicate a
possibility of long-term problems that may not be
noticed for decades, yet which need consideration for
prudent management of the resource.

The model was used to predict the relative potential

for increased ground-water pumpage by making an
areal analysis by aquifer of sensitivity to pumpage by
simulating a unit increase in pumpage in each model
block containing relatively fresh water. In addition to
making maps by aquifer of relative potential for
ground-water development, a composite map was
made showing the layer in each grid block which had
the least sensitivity to pumpage (least drawdown) and
therefore the most potential for development.

Simulation indicates there is great potential for con-
tinued additional development of the ground-water
resource in the study area. Doubling the pumpage to
20 Ggal/d produced minimal consequences (average
60 ft of drawdown over the study area) if the pattern of
added pumping was carefully designed. While this dis-
tribution of pumping is not very practical, it does dem-
onstrate the potential for development.

SELECTED REFERENCES

Ackerman, D.J., 1989, Hydrology of the Mississippi River Valley allu-
vial aquifer, south-central United States—A preliminary assess-
ment of the regional flow system: U.S. Geological Survey Water-
Resources Investigations Report 884028, 74 p.

F103

1996, Hydrology of the Mississippi River Valley alluvial aqui-
fer, south-central United States: U.S. Geological Survey Profes-
sional Paper 1416-D, p. D1-D56, 8 pls. in separate case.

Arthur, J K., and Taylor, R.E., 1990, Definition of the geohydrologic
framework and preliminary simulation of ground-water flow in
the Mississippi embayment aquifer system, United States: U.S.
Geological Survey Water-Resources Investigations Report 86—
4364, 97 p.

Arthur, ] K., and Taylor, R.E., in press, Ground-water flow analysis of
the Mississippi embayment aquifer system, south-central
United States: U.S. Geological Survey Professional Paper 1416-L

Baker, E.T., Jr,, 1986, Hydrology of the Jasper aquifer in the southeast
Texas Coastal Plain: Texas Water Development Board Report
295, 64 p.

Baker, E.T,, Jr, and Wall, J.R,, 1976, Summary appraisals of the
Nation's ground-water resources, Texas-Gulf region: U.S. Geo-
logical Survey Professional Paper 813-F, 29 p.

Barker, R.A., Bush, PW.,, and Baker, E.T, Jr., 1994, Geologic history and
hydrogeologic setting of the Edwards-Trinity aquifer system,
west-central Texas: U.S. Geological Survey Water-Resources
Investigations Report 94-4039, 50 p.

Barker, R.A., and Pernik, Maribeth, 1994, Regional geohydrology and
computer-model simulation of deep ground-water flow within
the Southeastern Coastal Plain aquifer system of the United
States: U.S. Geological Survey Professional Paper 1410-C, C1-
C-87, 10 pls. in separate case.

Bateman, R-M., and Konen, C.E., 1977, The log analyst and the pro-
grammable calculator: The Log Analyst, v. 18, no. 5, p. 3-11.

Bear, Jacob, 1972, Dynamics of fluids in porous media: New York,
American Elsevier, p. 153-155.

Bear, Jacob, and Verruijt, Arnold, 1987, Modeling groundwater flow
and pollution: Dordrecht, Holland, D. Reidel Publishing Com-
pany, p. 35-37.

Beckman, J.D., and Williamson, A.K., 1990, Salt dome locations in the
Gulf Coastal Plain, south-central United States: U.S. Geological
Survey Water-Resources Investigations Report 904060, 44 p.

Bedinger, M.S., and Sniegocki, R.T., 1976, Summary appraisals of the
Nation's ground-water resources—Arkansas-White-Red region:
U.S. Geological Survey Professional Paper 813-H, 31 p.

Bennett, G.D., 1979, Regional ground-water systems analysis: U.S.
Army Corps of Engineers, Water Support Center, Fort Belvoir,
Va., Water Spectrum, v. 11, no. 4, p. 3642.

Bennett, S.S., and Hanor, ].S., 1987, Dynamics of subsurface salt disso-
lution at the Welsh dome, Louisiana Gulf Coast, in Lerche, I,
and O'Brien, J.S., eds., Dynamical geology of salt and related
structures: Orlando, Fla., Academy Press, p. 653-677.

Bond, D.C., 1972, Hydrodynamics in deep aquifers of the Illinois
basin: Hllinois Geological Survey Circular 470, 69 p.

1973, Deduction of flow patterns in variable-density aquifers
from pressure and water-level observations, in Underground
waste water and artificial recharge, preprints and papers: Amer-
ican Association of Petroleum Geologists, v. 1, p. 357-378.

Boswell, E.H., Cushing, E.M., and Hosman, R.L., 1968, Quaternary
aquifers in the Mississippi embayment, with a discussion of Qual-
ity of the water, by H.G. Jeffery: U.S. Geological Survey Profes-
sional Paper 448-E, 15 p.

Boswell, E.H., Moore, G.K, and MacCary, L.M., 1965, Cretaceous aqui-
fers in the Mississippi embayment, with a discussion of Quality of
the water, by H.G. Jeffery: U.S. Geological Survey Professional
Paper 448-C, 37 p.

Brahana, ].V., 1982, Two-dimensional digital ground-water model of
the Memphis Sand and equivalent units, Tennessee-Arkansas-
Mississippi: U.S. Geological Survey Open-File Report 82-0099,
55 p.




F104

1987, The role of multilayer model in refining understanding of
deep regional ground-water flow in a tectonically active area, in
Conference on Solving Ground Water Problems with Models,
Denver, Colo., February 10-12, 1987, Proceedings: Association of
Ground Water Scientists and Engineers, v. 2, p. 1051-1070.

Brahana, J.V.,, and Mesko, T.O., 1988, Hydrogeology and preliminary
assessment of regional flow in the Upper Cretaceous and adja-
cent aquifers, northern Mississippi embayment: U.S. Geological
Survey Water-Resources Investigations Report 874000, 65 p.

Bredehoeft, ].D., Back, William, and Hanshaw, B.B., 1982, Regional
ground-water flow concepts in the United States; historical per-
spective, in Narasimhan, T.N., ed., Recent trends in hydrogeol-
ogy: Geological Society of America, Special Paper 189, p. 297-
316.

Bredehoeft, J.D., Blyth, C.R., White, W.A., and Maxey, G.B., 1963, Pos-
sible mechanism for concentration of brines in subsurface for-
mations: American Association of Petroleum Geologists
Bulletin, v. 47, p. 257-269.

Bredehoeft, J.D., Neuzil, C.E., and Milly, P.C.D., 1983, Regional flow in
the Dakota Aquifer—A study in the role of confining layers: U.S.
Geological Survey Water-Supply Paper 2237, 45 p.

Broom, M.E., and Lyford, EP., 1981, Alluvial aquifer of the Cache and
St. Francis River Basins, northeastern Arkansas: U.S. Geological
Survey Open-File Report 81-0476, 48 p.

Broom, M.E., and Reed, ].E., 1973, Hydrology of the Bayou Bartho-
lomew alluvial aquifer-stream system, Arkansas: U.S. Geologi-
cal Survey Open-File Report 73-0034, 91 p.

Bush, PW.,, 1986, Planning report for the Edwards-Trinity Regional
Aquifer-System Analysis in central Texas, southeast Oklahoma,
and southwest Arkansas: U.S. Geological Survey Water-
Resources Investigations Report 86-4343, 15 p.

Bush, PW,, and Johnston, R.H., 1988, Ground-water hydraulics,
regional flow, and ground-water development of the Floridan
aquifer system in Florida and in parts of Georgia, South Caro-
lina, and Alabama: U.S. Geological Survey Professional Paper
1403-C, 80 p.

Cardwell, W.T,, Jr., and Parsons, R.L., 1945, Average permeabilities of
heterogenous oil sands: American Institute of Mining and Met-
allurgical Engineers Transactions, fall meeting, Los Angeles,
Calif., October 19-20, 1944, v. 160, p. 283-291.

Carr, J.E., Meyer, W.R., Sandeen, WM., and McLane, L.R., 1985, Digital
models for simulation of ground-water hydrology of the Chicot
and Evangeline aquifers along the Gulf Coast of Texas: Texas
Department of Water Resources Report 289, 101 p.

Cederstrom, D.J., Boswell, E.H., and Tarver, G.R., 1979, Summary
appraisals of the Nation's ground-water resources—South
Atlantic-Gulf region: U.S. Geological Survey Professional Paper
813-0, 35 p.

Charbeneau, R.]., and Wright, S.G., 1983, Hydrologic site selection for
mining of deep basin lignite in Texas: The University of Texas at
Austin Center for Research in Water Resources Technical Report
198, 113 p.

Chi, S.C., and Reilinger, R.E., 1984, Geodetic evidence for subsidence
due to groundwater withdrawal in many parts of the United
States of America: Journal of Hydrology, v. 67, p. 155-182.

Clayton, R.N., Friedman, Irving, Graf, D.L., Mayeda, TK., Meents,
WE, and Shimp, N.E, 1966, The origin of saline formation
waters: Journal of Geophysical Research, v. 71, p. 3869-3882.

Cooley, R.L., 1979, A method of estimating parameters and assessing
reliability for models of steady state ground-water flow; 2.
Application of statistical analysis: Water Resources Research,
v. 15, no. 3, p. 603-617.

1982, Incorporation of prior information on parameters into

nonlinear regression ground-water flow models; 1, Theory:

Water Resources Research, v. 18, no. 4, p. 965-976.

REGIONAL AQUIFER-SYSTEM ANALY SIS—GULF COASTAL PLAIN

Cooley, R.L., Konikow, L.E, and Naff, R.L., 1986, Nonlinear-regression
groundwater flow modeling of a deep regional aquifer system:
Water Resources Research, v. 22, no. 13, p. 1759-1778.

Crider, A.F,, and Johnson, L.C., 1906, Summary of the underground-
water resources of Mississippi: U.S. Geological Survey Water-
Supply Paper 159, 86 p.

Cushing, EM., Boswell, E.H., Speer, PR, and Hosman, R.L., 1970,
Availability of water in the Mississippi embayment: U.S. Geo-
logical Survey Professional Paper 448-A, 13 p.

Dagan, Gedeon, 1986, Statistical theory of groundwater flow and
transport—Pore to laboratory, laboratory to formation, and for-
mation to regional scale: Water Resources Research, v. 22, no. 9,
p. 120S-134S.

De Sitter, L.U., 1947, Diagenesis of oil-filled brines: Bulletin of the
American Association of Petroleum Geologists, v. 31, p. 2030-
2040.

Desbarats, A.J., 1987, Numerical estimation of effective permeability
in sand-shale formations: Water Resources Research, v. 23, no. 2,
p. 273-286.

Deussen, Alexander, 1914, Geology and underground water of the
southeastern part of the Texas Coastal Plain: U.S. Geological
Survey Water-Supply Paper 335, 365 p.

1924, Geology of the Coastal Plain of Texas west of Brazos
River: U.S. Geological Survey Professional Paper 126, 144 p.
Deussen, Alexander, and Dole, R.B., 1916, Ground water in LaSalle
and McMullen Counties, Texas, in Contributions to the hydrol-
ogy of the United States, 1915: U.S. Geological Survey Water-

Supply Paper 375, p. 141-177.

Direcciéon General de Geogréfica del Territorio Nacional, 1984, Carta
Geologica, Monterrey and Mexico sheets: Mexico City, Mexico, 2
sheets, scale 1:1,000,000.

Durbin, TJ., Kapple, G.W., and Freckleton, J.R., 1978, Development
and use of two-dimensional digital models for the Salinas Valley
ground-water basin, California; Part 1, Development of ground-
water flow models: US. Geological Survey Water-Resources
Investigations 78-0113, 134 p.

Fenneman, N.M., 1938, Physiography of eastern United States: New
York, McGraw-Hill Book Company, 714 p.

Fertl, WH., 1976, Abnormal formation pressures; implications to
exploration, drilling, and production of oil and gas resources:
New York, Elsevier Scientific Publishing Co., 382 p.

Fogg, G.E., Jr., 1986a, Stochastic analysis of aquifer interconnected-
ness, with a test case in the Wilcox group, east Texas: Austin,
The University of Texas at Austin, unpublished Ph.D. disserta-
tion, 216 p.

1986b Groundwater flow and sand body interconnectedness in

thick, multiple-aquifer system: Water Resources Research, v. 22,

no. 5, p. 679-694.

1989, Stochastic analysis of aquifer interconnectedness—Wil-
cox Group, Trawich area, East Texas: Austin, The University of
Texas at Austin, Bureau of Economic Geology Report of Investi-
gations 189, 68 p.

Fogg, G.E., Jr., Seni, S.]., and Kreitler, C.W., 1983, Three-dimensional
ground-water modeling in depositional systems—Wilcox
Group, Oakwood Salt Dome area, east Texas: Austin, The Uni-
versity of Texas at Austin, Bureau of Economic Geology Report
of Investigations 133, 55 p.

Franke, O.L., Reilly, T.E., and Bennett, G.D., 1987, Definition of bound-
ary and initial conditions in the analysis of saturated ground-
water flow systems—An introduction: U.S. Geological Survey
Techniques of Water Resources Investigations, book 3, chap. B5,
15 p.




GROUND-WATER FLOW IN THE GULF COAST AQUIFER SYSTEMS, SOUTH-CENTRAL UNITED STATES

Freeze, R.A., and Cherry, J.A., 1979, Groundwater: Englewood Cliffs,
N.J., Prentice-Hall, Inc., 604 p.

Freeze, RA., and Witherspoon, P.A., 1967, Theoretical analysis of
groundwater flow; 2. Effect of water-table configuration and
subsurface permeability variation: Water Resources Research,
v. 3, no. 2, p. 623-634.

Fuller, M.L., 1904, Contributions to the hydrology of the eastern
United States, 1903: U.S. Geological Survey Water-Supply Paper
102,522 p.

1905, Underground waters of the eastern United States: U.S.
Geological Survey Water-Supply Paper 114, 285 p.

Gabrysch, RK., 1969, Land-surface subsidence in the Houston-
Galveston region, Texas, in International Symposium on Land
Subsidence, 1st, Tokyo, Japan, September 1969, Proceedings:
International Association of Hydrological Sciences, Publication
88, p. 43-54.

1977, Land-surface subsidence in the Houston-Galveston

region, Texas, in International Symposium on Land Subsidence,

2d, Anaheim, Calif., December 13-17, 1976, Proceedings: Inter-

national Association of Hydrological Sciences, Publication 121,

v. 1, p. 16-24.

1982, Ground-water withdrawals and land-surface subsidence

in the Houston-Galveston region, Texas, 1906-80: U.S. Geologi-

cal Survey Open-File Report 82-0571, 68 p.

1984, Ground-water withdrawals and changes in water levels
in the Houston District, Texas, 1975-79: Texas Department of
Water Resources Report 286, 42 p.

Gabrysch, RK., and Bonnet, C.W., 1975, Land-surface subsidence in
the Houston-Galveston region, Texas: Texas Water Development
Board Report 188, 19 p.

Gandl, L.A., 1982, Characterization of aquifers designated as potential
drinking water sources in Mississippi: U.S. Geological Survey
Open-File Report 81-550, 90 p.

Garza, Sergio, 1974, Projected effects of the proposed Tennessee Col-
ony Reservoir on ground-water conditions in the Carrizo-Wilcox
aquifer and Trinity River alluvium, Trinidad-Oakwood area,
Texas: U.S. Geological Survey Open-File Report 74-0297, 33 p.

Gebert, W.A., Graczyk, D.J., and Krug, W.R., 1987, Average annual
runoff in the United States, 1951-80: U.S. Geological Survey
Hydrologic Investigations Atlas HA-710, 1 sheet, scale
1:7,500,00.

Glasstone, Samuel, 1946, Textbook of physical chemistry (2d ed.):
New York, Van Nostrand, 1,320 p.

Glenn, L.C., 1906, Underground water of Tennessee and Kentucky
west of the Tennessee River and of an adjacent area in Illinois:
U.S. Geological Survey Water-Supply Paper 164, 173 p.

Godson, R.H., 1981, Digital terrain map of the United States: U.S. Geo-
logical Survey Miscellaneous Investigations Map 1-1318, 1 sheet,
scale 1:7,500,000.

Goldman, M.I,, 1952, Deformation, metamorphism, and mineraliza-
tion in gypsum-anhydrite cap rock, Sulphur salt dome, Louisi-
ana: Geological Society of America, Memoir 50, 169 p.

Gondouin, M., Tixier, M.P., and Simard, G.L., 1957, An experimental
study on the influence of the chemical composition of electro-
lytes on the SP curve: American Institute of Mining and Metal-
lurgical Engineers, Petroleum Transactions, v. 210, p. 58-72.

Groschen, G.E., 1985, Simulated effects of projected pumping on the
availability of freshwater in the Evangeline aquifer in an area
southwest of Corpus Christi, Texas: U.S. Geological Survey
Water-Resources Investigations Report 854182, 103 p.

Grubb, H.E,, 1984, Planning report for the Gulf Coast Regional Aqui-
fer-System Analysis, Gulf of Mexico Coastal Plain, United
States: U.S. Geological Survey Water-Resources Investigations
Report 84-4291, 30 p.

F105

1985, The Gulf Coast Regional Aquifer-System Analysis, an
overview, in Smerdon, E.T., and Jordon, W.R., eds., Issues in
groundwater management: The University of Texas at Austin,
Center for Research in Water Resources, Water Resources Sym-
posium Twelve, San Antonio, Texas, October 29-31, 1984, p. 71—
91.

1986, Gulf Coast Regional Aquifer-System Analysis—A Missis-

sippi perspective: U.S. Geological Survey Water-Resources

Investigations Report 864162, 22 p.

1987, Overview of the Gulf Coast Regional Aquifer-System
Analysis, south-central United States, in Vecchioli, John, and
Johnson, AL, eds., Regional aquifer systems of the United
States, Aquifers of the Atlantic and Gulf Coastal Plain: Amerj-
can Water Resources Association Monograph 9, p. 101-118.

Halbouty, M.T., 1979, Salt domes, Gulf Region, United States and
Mexico: Houston, Texas, Gulf Publishing Co., 561 p.

Hanor, J.S., 1987, Kilometre-scale thermohaline overturn of pore
waters in the Louisiana Gulf Coast: Nature, v. 327, p. 501-503.

Hanor, J.S., and Bailey, J.E., 1983, Use of hydraulic head and hydraulic
gradient to characterize geopressured sediments and the direc-
tion of fluid migration in the Louisiana Gulf Coast: Gulf Coast
Association of Geological Societies Transactions, v. 33, p. 115-
122,

Hanor, J.S., Bailey, J.E., Rogers, M.C., and Milner, L.R., 1986, Regional
variations in physical and chemical properties of south Louisi-
ana oil field brines: Gulf Coast Association of Geological Societ-
ies Transactions, v. 36, p. 143-149.

Harris, G.D., 1904, Underground waters of southern Louisiana, with
discussions of their uses for water supplies and for rice irriga-
tion by M.L. Fuller: U.S. Geological Survey Water-Supply Paper
101,98 p.

Henry, D.C., Galloway, W.E., and Smith, G.E., 1982, Considerations in
the extraction of uranium from a fresh-water aquifer—Miocene
Oakville Sandstone, south Texas: Austin, The University of
Texas at Austin Bureau of Economic Geology Report of Investi-
gations 126, 36 p.

Hill, R.T., 1901, Geography and geology of the Black and Grand Prai-
ries, Texas: U.S. Geological Survey Twenty-first Annual Report,
pt. 7, 666 p.

Holdahl, S.R., and Morrison, N.L., 1974, Regional investigations of
vertical crustal movements in the U.S., using precise relevelings
and mareograph data: Tectonophysics, v. 23, p. 373-390.

Hosman, R.L., 1988, Geohydrologic framework of the Gulf Coastal
Plain: U.S. Geological Survey Hydrologic Investigations Atlas
HA-695, 2 sheets, scale 1:2,500,000.

1993, Regional stratigraphy and subsurface geology of Ceno-
zoic deposits, Gulf Coastal Plain, south-central United States:
U.S. Geological Survey Professional Paper 1416-G, 34 p.

Hosman, R.L., Long, A.T., Lambert, T.W., and others, 1968, Tertiary
aquifers in the Mississippi embayment, with discussions of Qual-
ity of the water, by H.G. Jeffery: U.S. Geological Survey Profes-
sional Paper 448-D, 19 p.

Hosman, R.L., and Weiss, J.S., 1991, Geohydrologic units of the Mis-
sissippi embayment and Texas coastal uplands aquifer systems,
south-central United States: U.S. Geological Survey Professional
Paper 1416-B, 19 p.

Huntzinger, T.L., Whiteman, C.D., and Knochenmus, D.D., 1985, Sim-
ulation of ground-water movement in the "1,500- and 1,700-foot"
aquifer of the Baton Rouge area, Louisiana: Louisiana Depart-
ment of Transportation and Development, Office of Public
Works Technical Report 34, 52 p.

Imes, J.L., 1989, Geohydrology and hydrochemistry of the Ozark Pla-
teaus aquifer system, in Swain, L.A., and Johnson, Ivan A, eds.,
Regional aquifer systems of the United States—Aquifers of the




F106

midwestern area: American Water Resources Association Mono-
graph 13, p. 165-178.

Imes, J.L., and Emmett, L.F., 1994, Geohydrology and modeling analy-
sis of the Ozark Plateaus aquifer system in parts of Missouri,
Arkansas, and Kansas: U.S. Geological Survey Professional
Paper 1414-D, 127 p.

Johnston, RH., and Bush, PW.,, 1988, Summary of the hydrology of
the Floridan aquifer system in Florida and in parts of Georgia,
South Carolina, and Alabama: U.S. Geological Survey Profes-
sional Paper 1403-A, 24 p.

Jones, PH., 1969, Hydrology of Neogene deposits in the northern Gulf
of Mexico basin: Louisiana State University, Louisiana Water
Resources Research Institute Bulletin GT-2, 105 p.

Jorgensen, D.G., 1973, Analog-model studies of the effects of recharge

wells along the Houston ship channel on potentiometric sur-

faces of the Chicot and Evangeline aquifers, Houston, Texas:

U.S. Geological Survey Open-File Report 73-0138, 2 sheets, scale

1:130,000.

1975, Analog-model studies of ground-water hydrology in the

Houston District, Texas: Texas Water Development Board Report

190, 84 p.

1981, Geohydrologic models of the Houston District, Texas:
Ground Water, v. 19, no. 4, p. 418-428.

Jorgensen, D.G., and Gabrysch, RK., 1974, Simulated water-level
changes resulting from proposed changes in ground-water
pumping in the Houston, Texas, area: U.S. Geological Survey
Open-File Report 75-0020, 3 sheets, scale 1:820,000.

Jorgensen, D.G., and Signor, D.C., 1981, Plan of study for the Central
Midwest Regional Aquifer System analysis in parts of Arkansas,
Colorado, Kansas, Missouri, Nebraska, New Mexico, Oklahoma,
South Dakota, and Texas: U.S. Geological Survey Water-
Resources Investigations Report 81-0206, 28 p.

Jorgensen, D.G., Helgesen, J.O., Signor, D.C., Leonard, R.B., Imes, ].L.,
and Christenson, S.C., 1993, Analysis of regional aquifers in the
central Midwest of the United States in Kansas, Nebraska, and
parts of Arkansas, Colorado, Missouri, New Mexico, Oklahoma,
South Dakota, Texas, and Wyoming—Summary: U.S. Geological
Survey Professional Paper 1414-A, 67 p.

Kidd, R.E., 1987, Hydrogeology and water-supply potential of the
water-table aquifer on Dauphin Island, Alabama: U.S. Geologi-
cal Survey Water-Resources Investigations Report 874283, 49 p.

Kirkpatrick, K.A., 1993, Archiving data from Gulf Coast Regional
Aquifer System Analysis study: U.S. Geological Survey, Open-
File Report 92-661, 18 p., 1 WORM disk.

Kitanidis, PK., and Vomvoris, E.G., 1983, A geostatistical approach to
the inverse problem in groundwater modeling (steady state) and
one-dimensional simulations: Water Resources Research, v. 19,
no. 3, p. 677-690.

Klemt, W.B., Duffin, G.L., and Elder, G.R.,, 1976, Ground-water
resources of the Carrizo aquifer in the Winter Garden area of
Texas, v. 1: Texas Water Development Board Report 210, 66 p.

Konikow, L.F,, 1978, Calibration of ground-water models, in Confer-
ence on Verification of Mathematical and Physical Models in
Hydraulic Engineering, College Park, Md., August 9-11, 1978,
Proceedings: American Society of Civil Engineers, p. 87-93.

Kontis, A.L., and Mandle, R.J., 1988, Modifications of a three-dimen-
sional ground-water flow model to account for variable water
density and effects of multiaquifer wells: U.S. Geological Survey
Water-Resources Investigations Report 87-4265, 78 p.

Kuiper, LK., 1981, A comparison of the incomplete Cholesky-Conju-
gate gradient method with the strongly implicit method as
applied to the solution of two-dimensional groundwater flow
equations: Water Resources Research, v. 17, no. 4, p. 1082-1086.

REGIONAL AQUIFER-SYSTEM ANALYSIS—GULF COASTAL PLAIN

1983, A numerical procedure for the solution of the steady-
state variable density groundwater flow equation: Water
Resources Research, v. 19, no. 1, p. 234-240.

1985, Documentation of a numerical code for the simulation of

variable density ground-water flow in three dimensions: U.S.

Geological Survey Water-Resources Investigations Report 84-

4302, 90 p.

1986, A comparison of several methods for the solution of the

inverse problem in two-dimensional steady-state groundwater

flow modeling: Water Resources Research, v. 22, no. 5, p. 705-

714.

1987, A comparison of iterative methods as applied to the solu-

tion of the three-dimensional ground-water flow equation: Soci-

ety of Industrial and Applied Mathematics Journal on Scientific

and Statistical Computing, v. 8, no. 4, p. 521-528.

1994, Nonlinear regression flow model, gulf coast aquifer sys-
tems, south-central United States: U.S. Geological Survey Water-
Resources Investigations Report 934020, 171 p.

Kupfer, D.H., 1963, Structure of salt in Gulf Coast domes: The Ameri-
can Association of Petroleum Geologists Bulletin, v. 46, no. 8,
p- 1460-1467.

Lake, L.W., and Carroll, H.B., Jr., 1986, Reservoir characterization:
New York, Academic Press, 660 p.

Leake, S.A., 1990, Interbed storage changes and compaction in models
of regional groundwater flow: Water Resources Research, v. 26,
no. 9, p. 1939-1950.

Leake, S.A., and Prudic, D.E., 1987, Non-linear subsidence module for
three-dimensional finite-difference ground-water flow model
[abs.]: American Geophysical Union Transactions, fall meeting,
San Francisco, Calif., December 7-11, 1987, v. 68, no. 44, p. 1301.

1988, Documentation of a computer program to simulate aqui-
fer-system compaction using the modular finite-difference
ground-water flow model: U.S. Geological Survey Open-File
Report 88482, 80 p.

Livingston, Penn, and Bridges, T.W., 1936, Ground-water resources of
Kleberg County, Texas: U.S. Geological Survey Water-Supply
Paper 773-D, p. 197-232.

Lobmeyer, D.H., 1985, Freshwater heads and ground-water tempera-
tures in aquifers of the Northern Great Plains in parts of Mon-
tana, North Dakota, South Dakota, and Wyoming: U.S.
Geological Survey Professional Paper 1402-D, 11 p.

Lonsdale, J.T., 1935, Geology and ground-water resources of Atascosa
and Frio Counties, Texas: U.S. Geological Survey Water-Supply
Paper 676, 90 p.

Lonsdale, J.T.,, and Day, J.R, 1937, Geology and ground-water
resources of Webb County, Texas: U.S. Geological Survey Water-
Supply Paper 778, 104 p.

Loucks, R.G., Dodge, M.M.,, and Galloway, W.E., 1986, Controls on
porosity and permeability of hydrocarbon reservoirs in lower
Tertiary sandstones along the Texas Gulf Coast: Austin, The Uni-
versity of Texas at Austin, Bureau of Economic Geology Report
of Investigations 149, 78 p.

Louisiana Department of Natural Resources, 1986, Louisiana annual
oil and gas report—1985: Baton Rouge, La., Department of Nat-
ural Resources, Office of Conservation, p. 146.

Lusczynski, N.J., 1961, Head and flow of ground water of variable
density: Journal of Geophysical Research, v. 66, no. 12, p. 4247~
4256.

Martin, Angel, Jr., and Early, D.A., 1987, Statistical summary of aqui-
fer-test data for Louisiana: U.S. Geological Survey Water-
Resources Investigations Report 87-4001, 26 p.

Martin, Angel, Jr., and Whiteman, C.D., Jr., 1989, Geohydrology and
regional ground-water flow of the coastal lowlands aquifer sys-
tem in parts of Louisiana, Mississippi, Alabama, and Florida—A




GROUND-WATER FLOW IN THE GULF COAST AQUIFER SYSTEMS, SOUTH-CENTRAL UNITED STATES

preliminary analysis: U.S. Geological Survey Water-Resources
Investigations Report 884100, 88 p.

——1999, Hydrology of the coastal lowlands aquifer system in
parts of Alabama, Florida, Louisiana, and Mississippi: U.S. Geo-
logical Survey Professional Paper 1416-H.

Martin, R.G., 1980, Distribution of salt structures in the Gulf of Mexi-
co—Map and descriptive text: U.S. Geological Survey Miscella-
neous Field Studies Map 1213, 8 p., 2 sheets, scale 1:2,500,00.

Matson, G.C., and Sanford, Samuel, 1913, Geology and ground waters
of Florida: U.S. Geological Survey Water-Supply Paper 319,
445p.

Matthews, C.S., and Russell, D.G., 1967, Pressure buildup and flow
tests in wells, Appendix G: New York, Society of Petroleum
Engineers of the American Institute of Mining, Metallurgical,
and Petroleum Engineers, Monograph 1, p. 155-163.

McDonald, M.G., and Harbaugh, A.W., 1988, A modular three-dimen-
sional finite-difference ground-water flow model: U.S. Geologi-
cal Survey Techniques of Water-Resources Investigations , book
6, chap. Al, p. 5-1 to 5-24.

McKelvey, J.G., and Milne, 1.H., 1962, Flow of salt solutions through
compacted clay, in Clays and clay minerals—National Confer-
ence on Clays and Clay Minerals, 9th, 1960, Proceedings: New
York, Pergamon Press, Earth Science Series Monograph 11,
Pp- 248-259.

Mesko, T.O., Williams, T.A., Ackerman, D.J., and Williamson, A.K,,
1990, Ground-water pumpage from the gulf coast aquifer sys-
tems, 1960-85, south-central United States: U.S. Geological Sur-
vey Water-Resources Investigations Report 894180, 177 p.

Meyer, WR., and Carr, J.E., 1979, A digital model for simulation of
ground-water hydrology in the Houston area, Texas: Texas
Department of Water Resources LP-103, 133 p.

Mississippi Water Resources Research Institute, 1987, 1987 in review:
Mississippi State, Mississippi State University Water Resources
Research Institute, 13 p.

Neglia, Stefino, 1979, Migration of fluids in sedimentary basins: The
American Association of Petroleum Geologists Bulletin, v. 63,
no. 4, p. 582.

Neuman, S.P., 1980, A statistical approach to the inverse problem of
aquifer hydrology; 3, Improved solution method and added per-
spective: Water Resources Research, v. 16, no. 2, p. 331-346.

Osborn, C.T., Schefter, J.E., and Shabman, Leonard, 1986, The accu-
racy of water use forecasts—Evaluation and implications: Amer-
ican Water Resources Association Water Resources Bulletin,
v. 22, no. 1, p. 101-109.

Payne, J.N., 1968, Hydrologic significance of the lithofacies of the
Sparta Sand in Arkansas, Louisiana, Mississippi, and Texas: U.S.
Geological Survey Professional Paper 569-A, 17 p.

1970, Geohydrologic significance of lithofacies of the Cockfield

Formation of Louisiana and Mississippi and of the Yegua For-

mation of Texas: U.S. Geological Survey Professional Paper 569—

B, 14 p.

1972, Hydrologic significance of lithofacies of the Cane River

Formation or equivalents of Arkansas, Louisiana, Mississippi,

and Texas: U.S. Geological Survey Professional Paper 569-C,

17 p.

1975, Geohydrologic significance of lithofacies of the Carrizo
Sand of Arkansas, Louisiana, and Texas and the Meridian Sand
of Mississippi: U.S. Geological Survey Professional Paper 569-D,
1 p.

Peralta, R.C., Dutram, PW,, Peralta, A.W., and Yazdanian, Amin, 1986,
Saturated thickness for drought and litigation protection:
Ground Water, v. 24, no. 3, p. 357-364.

Peralta, R.C., and Killian, PJ., 1985, Optimal regional potentiometric
surface design—Least-cost water-supply/sustained ground-

F107

water yield: American Society of Agriculture Engineers Transac-
tions, v. 28, no. 4, p. 1098-1107.

Peralta, R.C., and Peralta, A.W., 1984, Arkansas ground-water man-
agement via target levels: American Society of Agriculture Engi-
neers Transactions, v. 27, no. 6, p. 1696-1703.

Petroleum Information, 1990, Well history control system manual:
Petroleum Information, Littleton, Colo., 1176 p.

Pettijohn, R.A., 1996, Geochemistry of ground water in the gulf coast
aquifer systems, south-central United States: U.S. Geological
Survey Water-Resources Investigation Report 96-4107, 158 p.

Pettijohn, R.A., Williamson, AK., and Weiss, ].S., 1988, Dissolved-
solids concentrations and water temperature for aquifers in the
gulf coast aquifer systems, south-central United States: U.S.
Geological Survey Water-Resources Investigations Report 88—
4082, 5 sheets, scale 1:3,500,000.

Potter, RW,, III, and Brown, D.L., 1977, The volumetric properties of
aqueous sodium chloride solutions from 0°C to 500°C at pres-
sures up to 2000 bars based on a regression of available data in
the literature: U.S. Geological Survey Bulletin 1421-C, 35 p.

Price, L.C., 1985, A critical overview of and proposed working model
for hydrocarbon microseepage: U.S. Geological Survey Open-
File Report 85-271, 83 p.

Prudic, D.E., 1991, Estimates of hydraulic conductivity from aquifer-
test analyses and specific-capacity data, gulf coast regional aqui-
fer systems, south-central United States: U.S. Geological Survey
Water-Resources Investigations Report 904121, 38 p.

Prudic, D.E., and Williamson, A.K., 1986, Evaluation of a technique
for simulating a compacting aquifer system in the Central Valley
of California, US.A, in Johnson, A.L, Carbognin, Laura, and
Ubertinj, L., eds., Land Subsidence: International Symposium on
Land Subsidence, 3d, Venice, Italy, March 1984, Proceedings,
International Association of Hydrological Sciences Publication
151, p. 53-64.

Reed, J.E., 1972, Analog simulation of water-level declines in the
Sparta Sand, Mississippi embayment: U.S. Geological Survey
Hydrologic Investigations Atlas HA-434, 1 sheet, scale
1:2,500,000.

Reed, J.E., and Broom, M.E., 1979, Digital model of the Bayou Bartho-
lomew alluvial aquifer-stream system, Arkansas: U.S. Geologi-
cal Survey Open-File Report 79-0685, 37 p.

Reilly, T.E., Franke, O.L., and Bennett, G.D., 1987, The principle of
superposition and its application in ground-water hydraulics:
U.S. Geological Survey Techniques of Water-Resources Investi-
gations, book 3, chap. B6, 28 p.

Renken, R.A., 1984, The hydrogeologic framework for the Southeast-
ern Coastal Plain aquifer system of the United States: U.S. Geo-
logical Survey Water-Resources Investigations Report 84-4243,
26 p.

Robertson Research, 1980, Framework for oil and gas occurrence in
the Gulf Coast Tertiary: Robertson Research Proprietary Report,
p. 133-139, pls. 10-11.

Rouse, Hunter, ed., 1950, Engineering hydraulics: New York, John
Wiley and Sons, 1,008 p.

Ryder, PD., 1988, Hydrogeology and predevelopment flow in the
Texas Gulf Coast aquifer systems: U.S. Geological Survey Water-
Resources Investigations Report 874248, 109 p.

Ryder, P.D., and Ardis, A.F,, 1991, Hydrology of the Texas Gulf Coast
aquifer systems: U.S. Geological Survey Open-File Report 91-64,
147 p.

Sampson, R.]., 1978, The Surface II graphics system: Lawrence, Kansas
Geological Survey, 240 p.

1988, The Surface III graphics system: Lawrence, Kansas Geo-

logical Survey, 277 p.




F108

Sayre, A.N., 1937, Geology and ground-water resources of Duval
County, Texas: U.S. Geological Survey Water-Supply Paper 776,
116 p.

Shepard, E.M., 1907, Underground waters of Missouri, their geology
and utilization: U.S. Geological Survey Water-Supply Paper 195,
224 p.

Signor, D.C., and Imes, J.L., 1989, Geohydrology of regional aquifer
systems in Cretaceous and older rocks underlying the central
United States, in Swain, L.A., and Johnson, LA, eds., Regional
aquifer systems of the United States—Aquifers of the midwest-
ern area: American Water Resources Association Monograph 13,
p- 149-163.

Smith, E.A., 1907, The underground water resources of Alabama: Ala-
bama Geological Survey Monograph 6, 388 p.

Snowden, J.O., Simmons, W.B., Traughber, E.B., and Stephens, RW.,
1977, Differential subsidence of marshland peat as a geologic
hazard in the greater New Orleans area, Louisiana: Gulf Coast
Association of Geological Societies Transactions, v. 27, p. 169-
179.

Snowden, J.O., Ward, W.C., and Studlick, J.RJ., 1980, Geology of
greater New Orleans—Its relationship to land subsidence and
flooding: The New Orleans Geological Society, 25 p.

Solley, W.B., Chase, E.B., and Mann, W.B., IV, 1988, Estimated use of
water in the United States in 1985: U.S. Geological Survey Circu-
lar 1004, 82 p.

Stephenson, L.W., and Crider, A.F,, 1916, Geology and ground waters
of northeastern Arkansas, with a discussion of The chemical char-
acter of the water by R.B. Dole: U.S. Geological Survey Water-
Supply Paper 399, 315 p.

Sumner, D.M., and Wasson, B.E., 1984a, Summary of results of an
investigation to define the geohydrology and simulate the
effects of large ground-water withdrawals on the Mississippi
River alluvial aquifer in northwestern Mississippi: U.S. Geologi-
cal Survey Water-Resources Investigations Report 844343, 17 p.

1984b, Geohydrology and simulated effects of large ground-
water withdrawals on the Mississippi River alluvial aquifer in
northwestern Mississippi: U.S. Geological Survey Open-File
Report 84-822, 83 p.

Sumner, D.M., Wasson, B.E., and Kalkhoff, S.J., 1987, Geohydrology
and simulated effects of withdrawals on the Miocene aquifer
system in the Mississippi Gulf Coast area: U.S. Geological Sur-
vey Water-Resources Investigations Report 874172, 203 p.

Sun, R]J., 1986, Regional Aquifer-System Analysis program of the U.S.
Geological Survey—Summary of projects, 1978-84: U.S. Geolog-
ical Survey Circular 1002, 263 p.

Sun, RJ., and Weeks, J.B., 1991, Bibliography of Regional Aquifer-Sys-
tem Analysis program of the U.S. Geological Survey, 1978-91:
U.S. Geological Survey Water-Resources Investigations Report
91-4122,92 p.

Taylor, T.U., 1907, Underground waters of the Coastal Plain of Texas:
U.S. Geological Survey Water-Supply Paper 190, 73 p.

Terry, J.E., Hosman, R.L., and Bryant, C.T., 1979, Summary appraisal
of the Nation's ground-water resources—Lower Mississippi
region: U.S. Geological Survey Professional Paper 813-N, 41 p.

Theis, C.V., Brown, R.H., and Meyer, RR., 1963, Estimating the trans-
missibility of aquifers from the specific capacity of wells, in Ben-
tall, Ray, compiler, Methods of determining permeability,
transmissibility, and drawdown: U.S. Geological Survey Water-
Supply Paper 1536-1, p. 331-341.

Thorkildsen, David, Quincy, Roger, and Preston, Richard, 1989, A dig-
ital model of the Carrizo-Wilcox aquifer within the Colorado

River Basin of Texas: Texas Water Development Board Report

LP-208, 67 p.

REGIONAL AQUIFER-SYSTEM ANALYSIS—GULF COASTAL PLAIN

Torak, L.J., and Whiteman, C.D., Jr., 1982, Applications of digital mod-
eling for evaluating the ground-water resources of the "2,000-
foot" sand of the Baton Rouge area, Louisiana: Louisiana
Department of Transportation and Development Water
Resources Technical Report 27, 87 p.

Trudeau, D.A., and Buono, Anthony, 1985, Projected effects of pro-
posed increased pumpage on water levels and salinity in the
Sparta aquifer near West Monroe, Louisiana: Louisiana Depart-
ment of Transportation and Development Water Resources Tech-
nical Report 39, 70 p.

Veatch, A.C., 1906, Geology and underground water resources of
northern Louisiana and southern Arkansas: U.S. Geological Sur-
vey Professional Paper 46, 422 p.

Vecchia, A.V.,, and Cooley, R.L., 1987, Simultaneous confidence and
prediction intervals for nonlinear regression models with appli-
cation to a groundwater flow model: Water Resources Research,
v. 23, no. 7, p. 1237-1250.

Wallace, J.R., and Grant, J.L., 1977, A least squares method for com-
puting statistical tolerance limits: Water Resources Research,
v. 13, no. 5, p. 819-823.

Weeks, J.B., and Sun, RJ., 1987, Regional Aquifer-System Analysis
program of the U.S. Geological Survey—bibliography, 1978-86:
U.S. Geological Survey Water-Resources Investigations Report
874138, 81 p.

Weiss, EJ., 1982, A model for the simulation of varjable-density
ground water in three dimensions under steady-state condi-
tions: U.S. Geological Survey Open-File Report 82-0352, 59 p.

Weiss, ].S., 1987, Determining dissolved-solids concentrations in
highly mineralized ground water of the gulf coast aquifer sys-
tems using electric logs, in Vecchioli, John, and Johnson, A.L,
eds., Regional aquifer systems of the United States, Aquifers of
the Atlantic and Gulf Coastal Plain: American Water Resources
Association Monograph 9, p. 139-150.

1992, Geohydrologic units of the coastal lowlands aquifer sys-
tem, south-central United States: U.S. Geological Survey Profes-
sional Paper 1416-C, 32 p.

Weiss, J.S., and Williamson, A.K., 1985, Subdivision of thick sedimen-
tary units into model layers for simulation of ground-water
flow: Ground Water, v. 23, no. 6, p. 767-774.

Wells, EG., 1932, A preliminary report on the artesian water supply of
Memphis, Tennessee: U.S. Geological Survey Water-Supply
Paper 638A, 34 p.

Wesselman, J.B., 1967, Ground-water resources of Jasper and Newton
Counties, Texas: Texas Water Development Board Report 59,
167 p.

West, SW., and Broadhurst, W.L., 1975, Summary appraisal of the
Nation's ground-water resources—Rio Grande region: U.S. Geo-
logical Survey Professional Paper 813-D, 39 p.

White, WN., Rose, N.A., and Guyton, W.E, 1944, Ground-water
resources of the Houston District, Texas: U.S. Geological Survey
Water-Supply Paper 889-C, p. 141-288.

Whiteman, C.D., Jr., 1979, Saltwater encroachment in the "600-foot"
and "1,500-foot" sands of the Baton Rouge area, Louisiana, 1966—
78 including a discussion of saltwater in other sands: Louisiana
Department of Transportation and Development, Office of Pub-
lic Works Water-Resources Technical Report 19, 49 p.

1980, Measuring local subsidence with extensometers in the
Baton Rouge area, Louisiana, 1975-79: Louisiana Department of
Transportation and Development, Office of Public Works Water-
Resources Technical Report 20, 18 p.

Whitfield, M.S., Jr., 1975, Geohydrology of the Evangeline and Jasper
aquifers of southwestern Louisiana: Louisiana Department of
Conservation, Louisiana Geological Survey and Louisiana
Department of Public Works Water-Resources Bulletin 20, 72 p.




GROUND-WATER FLOW IN THE GULF COAST AQUIFER SYSTEMS, SOUTH-CENTRAL UNITED STATES

Williams, T.A., and Williamson, A K., 1989, Estimating water-table
altitudes for regional ground-water flow modeling, U.S. Gulf
Coast: Ground Water, v. 27, no. 3, p. 333-340.

Williamson, A.K., 1987, Preliminary simulation of ground-water flow
in the gulf coast aquifer systems, south-central U.S., in Vecchioli,
John, and Johnson, A.L, eds., Regional aquifer systems of the
United States, Aquifers of the Atlantic and Gulf Coastal Plain:
American Water Resources Association Monograph 9, p.119-
137.

Williamson, A.K., 1989, Possible cause and substantial effects of brine
distribution in the gulf coast aquifer systems, south-central
United States [abs.]: International Geological Congress, 28th,
Washington, D.C., July 9-19, 1989, v. 3, p. 364-365.

Williamson, A.K., Grubb, H.E, and Weiss, ]J.S., 1990, Ground-water
flow in the gulf coast aquifer systems, south-central United
States—A preliminary analysis: U.S. Geological Survey Water-
Resources Investigations Report 894071, 125 p.

Wilson, T.A., and Hosman, R.L., 1988, Geophysical well-log database
for the gulf coast aquifer systems, south-central United States:
U.S. Geological Survey Open-File Report 87-0677, 213 p.

Winslow, A.G., and Doyel, WW., 1954, Land-surface subsidence and
its relation to the withdrawal of ground water in the Houston-
Galveston region, Texas: Economic Geology, v. 49, no. 4, p. 413—
422,

Winslow, A.G., Doyel, WW., and Wood, L.A., 1957, Salt water and its
relation to fresh ground water in Harris County, Texas: U.S. Geo-
logical Survey Water-Supply Paper 1360-F, p. 375-407.

F109

Winslow, A.G., Hillier, D.E., and Turcan, A.N,, Jr., 1968, Saline ground
water in Louisiana: U.S. Geological Survey Hydrologic Investi-
gations Atlas HA-310, 4 sheets, scale 1:750,000.

Winslow, A.G., and Wood, L.A., 1959, Relation of land subsidence to
ground-water withdrawals in the upper Gulf Coast region
Texas: Mining Engineer, v. 11, no. 10, p. 1030-1034.

Wolff, R.G., 1982, Physical properties of rocks; porosity, permeability,
distribution coefficients, and dispersivity: U.S. Geological Sur-
vey Open-File Report 82-16, 123 p.

Wood, L.A., and Gabrysch, RK., 1965, Analog model study of ground
water in the Houston District, Texas, with a section on Design,
construction, and use of electric analog models, by E.P. Patten,
Jr.: Texas Water Commission Bulletin S6508, 103 p.

Yazdanian, Amin, and Peralta, R.C., 1986, Sustained-yield ground-
water planning by goal programming: Ground Water, v. 24,
no. 2, p. 157-165.

Yeh, WW-G., and Yoon, Y.S., 1981, Aquifer parameter identification
with optimum dimension in parameterization: Water Resources
Research, v. 17, no. 3, p. 664-672.

Young, Allen, and Low, P.E, 1965, Osmosis in argillaceous rocks: Bul-
letin of the American Association of Petroleum Geologists, v. 49,
p. 1005-1007.

Zurawski, Ann, 1978, Summary appraisals of the Nation's ground-
water resources—Tennessee Region: U.S. Geological Survey
Professional Paper 813-L, 35 p.






SUPPLEMENT: SIMULATION DETAILS




F112

SIMULATION DETAILS

Details of the methods and data used to prepare the
simulations are included in this section. The informa-
tion provided here is helpful for making an evaluation
of the simulation techniques used in the study and pro-
vides a basis for continued research.

DIFFERENCES IN SIMULATION FROM
PRELIMINARY REPORT

Most of the details of data sources and compilation
and other simulation items are contained in a prelimi-
nary report by Williamson and others (1990). All of the
model input and output files as well as original data
files were archived in ASCII files on a WORM (Write
Once, Ready Many) disk by Kirkpatrick (1993). This sec-
tion will only document differences between simula-
tions presented in this report and those from the
preliminary report. The differences include transient
simulations with both elastic and inelastic (compaction)
storage, areally variable hydraulic conductivity related
to sand percentage and depth, and the use of automatic
parameter-estimation methods.

TRANSIENT FLOW UNDER ELASTIC AND INELASTIC
STORAGE CONDITIONS

The preliminary report (Williamson and others,
1990) described several simulations, most of which
assumed steady-state conditions. Most of the simula-
tions described in this report, except those for predevel-
opment conditions and estimating potential for
development, assume transient conditions where the
pumpage and possibly other factors are changing
between each pumping period. This necessitates esti-
mates of the storage properties of the aquifers. Three
types of aquifer storage are possible: water-table
storage (elastic) where the change in storage represents
the upper part of the aquifer being dewatered and
sometimes wetted again; elastic confined storage, which
occurs at any point where the aquifer is confined; and
inelastic storage with irreversible compaction of fine-
grained beds, which provides a source of water to wells.
Only the latter two types were directly simulated in this
study. In most areas, little is known about the changes
in water-table altitudes over time because few studies
have attempted to measure them. It was beyond the
scope of this study to collect data on water-table alti-
tudes through time because of the large area and com-

plexity of the aquifer system. Instead, change in water- -

table storage was ignored in the model, implying that
some part (probably small) of the water volume simu-
lated as regional recharge actually comes from water-
table storage.
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Kuiper (1994, table 4) found in his parameter-esti-
mation study that the model calibration was most rep-
resentative of observed data when the specific storage
value of 0.51 x 107 ft™! was used. Specific storage mul-
tiplied by the thickness of the aquifer or permeable
zone equals the storage coefficient. Kuiper found that
this was a relatively sensitive parameter in his simula-
tions and that over a broad range of parameterization
approaches (Kuiper, 1994, table 4), the regression
always indicated specific storage values at the smallest
limit without violating physical principles. The only
parameters more sensitive were hydraulic conductivity
of sand and hydraulic conductivity of fine-grained
beds. Kuiper's parameter-estimation method will be
discussed in the “Summary of Parameter-Estimation
Results.” Elastic storage in the confining units is
assumed to be zero in the simulations, an assumption
that should have little effect on the simulation results
because the total volume of regional confining units is
only about one-fifth of the total volume of sediments in
the aquifer systems studied. However, inelastic stor-
age in confining beds, which contributes to land
subsidence, is simulated.

PUMPAGE ESTIMATION

Pumpage was estimated for 1960-85 at 5-yr intervals
using a distribution to model blocks based on detailed
pumpage estimates for 1980 and the total county pump-
age for the respective year (Mesko and others, 1990,
p- 25-29). Some uncertainty is introduced by the
assumption that the percentage distribution of pump-
age within a county has been equal to the 1980 distribu-
tion over the 1960-85 period. Exceptions to this
assumption were made in the central Arkansas and
Houston, Texas, areas because the distribution was
known to change over time (Mesko and others, 1990,
p. 28-29). Two categories of ground-water pumpage
data were distinguished in the proration of county data
to model blocks:

1. Point pumpage, primarily water pumped for public
supply and industrial uses, where little water
returns to the aquifer system; and

2. areally dispersed pumpage, primarily for irrigation,
fish farms, stock, and rural domestic uses, where
there is a potential for a substantial amount of
return flow to the aquifer system.

Point-pumpage data for 1980 were tabulated for
each of about 5,000 municipal and industrial wells,
along with the well's 5-mi block location, depth, and
model layer, if known. These data included annual
(1976-85) withdrawals for Harris and Galveston Coun-
ties in Texas, where the law requires each of about 3,000
wells to be metered and reported (obtained on com-
puter disk from Ronald J. Neighbors, Harris-Galveston
Coastal Subsidence District, written commun., 1985).
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The wells in the Mississippi embayment aquifer sys-
tem and Texas coastal uplands aquifer system were
manually assigned to appropriate model layers. The
wells in the coastal lowlands aquifer system were
assigned using a FORTRAN program that used all of
the 5-mi grid data on layer thicknesses and elevations of
the land surface. The altitude of the top of each layer at
the well location was interpolated from the four adja-
cent 5-mi block centers, weighted by the distance from
the well to each block center. The correct layer was
found by checking the layer-top altitudes, starting from
the bottom, until one was found that was higher than
the altitude of the bottom of the well. If the well bottom
was calculated to be in a confining unit, it was assigned
to the closest adjacent aquifer layer.

Estimation of areally dispersed pumpage is gener-
ally subject to greater errors than the point pumpage
because there are many more wells, most of which are
not metered, and well locations are usually not as accu-
rately known as industrial or municipal well locations.
Published data were used where available, generally as
totals by county (references given by Mesko and others,
1990). Estimates for agricultural use were generally
based on irrigated areas, types of crops, and typical
crop water-use estimates. Rural domestic-use estimates
generally were based on the population not served by
public systems and per capita use estimates. County
total pumpage was apportioned to 5-mi blocks by using
estimates of the distribution to each block and layer in
the county based on well records and local knowledge
of water-use patterns.

The transient simulations were made using the time
periods and pumpage outlined below, with predevelop-
ment simulated hydraulic heads as initial conditions.
The pumpage factors before 1960 were extrapolated by
simple linear regression using 1960, 1970, and 1980
pumpage totals and 1930-80 population data.

Transient simulation time periods

Period Length

ended (in yeg;u's) Pumpage used
1925 - None
1935 10 1960 pumpage multiplied by factor 0.149
1945 10 1960 pumpage multiplied by 0.310
1955 10 1960 pumpage multiplied by 0.569
1962 7 1960
1967 5 1965
1972 5 1970
1977 5 1975
1980 3 1980
1982 2 1980
1987 5 1985

ESTIMATION OF OBSERVED 1962-87 HYDRAULIC HEAD

Estimates of hydraulic head for model blocks at 5-yr
intervals were needed for comparison with simulated
heads. Over one-half million water-level measurements
taken from data on nearly 20,000 wells stored in the U.S.
Geological Survey's WATSTORE data base and includ-
ing over 100,000 measurements from the Texas Natural
Resources Information System files (Thomas A. Wil-
liams, U.S. Geological Survey, written commun., 1987)
were combined into one data base. Each well in the data
base was assigned a model layer by a computer pro-
gram using the location, altitude, and depth of the well.
A considerable amount of error screening was done by
several automatic methods in order to delete data that
were obviously in error. In addition to internal checks
such as missing or impossible data values, well loca-
tions were checked by computer program to test if they
were in or near the county specified in the data base.
About 1 percent of the wells, which contained about 0.3
percent of the measurements, were not used because of
failure to pass this location check. Land-surface alti-
tudes were checked to test if they were within a reason-
able range of the 5-mi land-surface altitude interpolated
to the well location. About 1.6 percent of the wells,
which contained about 1 percent of the measurements,
were ignored because of this land-surface altitude
check. The data were then plotted as hydrographs, with
many wells plotted on a page, to check for extreme out-
liers.

The desired intervals for head data were offset from
the pumpage data by 2.5 yr. For example, pumpage
data for 1980 were assumed to approximate the average
for the period 1977-82, and simulation with 1980 pump-
age should produce water-level changes from 1977 to
1982. All of the measurements for each well during the
2-yr time period on either side of the end of the pump-
ing period (1981-83) were used to calculate an average
head for the well at the end of the pumping period. The
number of wells measured during each period varied
from about 4,000 in 1957 to a maximum of about 9,500
in 1972, decreasing to about 7,000 in 1982. The 2-yr well
averages were used to interpolate heads for each block
that had sufficient head data in and near it.

Using 1982 as an example, the combined data base
contained over 37,000 head measurements taken in over
7,000 wells between July 1981 and June 1983. Obviously,
some wells were measured several times in that time
period, and if so, the measurements for those wells
were averaged.

As is generally the case, the numerical flow model
used in this study produces an approximation to block-
averaged head values that are not equal to values for
head at a single point in the aquifer system (Kuiper,
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1994, p. 55). Observed hydraulic-head data were aver-
aged for each block to assure comparison of values of
head expected to be representative of what the model
computes. Ten-mile block-averaged head values were
estimated using an inverse distance-squared weighted-
averaging scheme of the SURFACE III computer pro-
gram (Sampson, 1978, 1988). Several different neighbor
selection criteria (to select which data points will be
used to estimate a grid cell value) and gridding algo-
rithms were attempted. Two different gridding algo-
rithms were compared, one using a simple distance-
weighted average of nearby sample values (Sampson,
1988, fig. 13) and the other using distance-weighted
averages of the projection of dips of the surface at the
nearby values (Sampson, 1988, figs. 14, 15; Sampson,
1978, fig. 10). The projection of dip averages would be
the best estimate of the observed head surface at the
center of the block, whereas the simple averages would
approximate the average head for the block. The root
mean squared error (RMSE) between these two sets of
block-averaged observed heads was 65 ft. The RMSE
between simulated 1982 heads and dip projection-aver-
aged observed heads was 85.7 ft, and for the simple
averages, 57.4 ft. This indicates that the simple-average
head, approximating the block-averaged head, esti-
mates values that compare better with the model-com-
puted heads than those the method designed to
estimate the head value at the center of the model block.
The RMSE between different sets of neighbor selection
criteria for simple block-averaged observed heads was
about 25 ft. These RMSE values for different estimates
of observed heads are large because the horizontal and
vertical hydraulic-head gradients are commonly very
steep in the vicinity of pumping centers and there are
many abrupt changes in land-surface altitude, causing
great difficulty in estimating an average head for a
100-mi? block for a layer. All model blocks that had at
least one head measurement within 5 mi of the center of
the block and at least three other measurements within
a 12-mi radius were used in the comparison. The chosen
set of block-averaged observed head data for 1982
included 1,110 blocks among the 10 permeable layers.
Kuiper (1994, p. 55-58) used the same raw data with
different culling criteria and averaging method to come
up with water-level estimates for 1,432 blocks for 1972
and 1,675 blocks for 1982.

DEEP PRESSURE DATA

Nearly all of the hydraulic-head measurements
mentioned above are taken from the upper parts of the
aquifer systems, which contain relatively fresh water.
Calibration of aquifer characteristics in the deep, brine
parts of the aquifer systems (which comprise about
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two-thirds of the aquifer-system volume) is dependent
on the availability of pressure or head estimates. More
than 40,000 final shut-in pressure measurements from
drill-stem tests were available in a file subset from the
Petroleum Information file (1990). Several problems
complicate the use of these data. Many of the pressure
measurements are affected by oil and gas withdrawals.
Some measurements have low pressures because not
enough time was allowed after the well was shut in for
the pressure to build up to static condition or because of
equipment problems, leaking packers, and so forth.
Deeper measurements, near the bottom of the systems
studied, are from near the geopressured zone where the
fluid pressures are in transition from hydrostatic to
geopressure and are much greater than immediately
above. Pressures in the geopressured zones are com-
monly high enough to make equivalent freshwater
heads several thousand feet above sea level. A few pres-
sure measurements from the transition zone can greatly
affect any areal averages or interpolations.

Culling the pressure data by retaining those having
equivalent freshwater heads between 300 below to
1,500 ft above sea level reduced the number of measure-
ments to about 19,500. The lower bound was chosen to
retain data affected by head declines resulting from
freshwater pumpage and to eliminate most of the data
strongly affected by oil pumping or test deficiencies.
The upper bound was set to a few hundred feet above
the maximum head calculated from the hydrostatic gra-
dient in the modeled area to eliminate pressures
affected by the transition to the geopressured zone. All
but 8,933 of these pressure data were from below the
aquifer systems modeled. Using a similar procedure as
mentioned above for freshwater well data, equivalent
freshwater heads were interpolated for 288 blocks that
had at least seven pressure measurements each. There
was generally very large variability among the seven or
more pressure measurements for a single block.

Kuiper (1994, p. 55) used the same raw data with dif-
ferent culling criteria and averaging method to estimate
deep heads for 586 blocks. Including the deep head esti-
mates did not materially affect the parameter estima-
tion results (Kuiper, 1994, p. 94). This is probably
because even with the culling and averaging, the data
are still quite noisy and cannot be simulated well by the
model regardless of the parameters used.

AREALLY VARIABLE HYDRAULIC CONDUCTIVITY
RELATED TO SAND PERCENTAGE AND DEPTH

Most of the details about the methods and results of
estimating effective hydraulic conductivity, K. are in
the body of this report. However, Kuiper (written com-
mun., 1987) did test other areal groupings for potential
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improvement in the model calibration. Kuiper found
that the area boundaries (fig. 13) used as presented in
this report produced a model with better fit and nar-
rower confidence limits on parameters than with any
other of several combinations.

Kuiper also tested the exponent used in the power
function relating sand percentage to effective hydraulic
conductivity, K. He found that the model was quite
sensitive to this parameter. Under at least 10 different
schemes of parameter choices, the model consistently
estimated a value within the range of 3.52 to 4.36 for the
exponent of horizontal K and the reciprocal of those
values for the vertical K (Kuiper, 1994, table 4).

The function relating K ¢ to depth was not a very
sensitive parameter in the model according to Kuiper
(1994, p. 73). This is probably because most of the reli-
able head data was quite shallow in the aquifer system
compared to the total depth of the system modeled.

APPROACH TO CALIBRATION AND
PARAMETER ESTIMATION

The purpose of the modeling in this study was to
understand regional-scale flow. Therefore, no attempt
was made to alter the parameters for an individual
block or even groups of blocks unless data errors were
found. Small improvements in the model fit to historical
observed data would not substantially improve the
understanding of the system. Instead, more emphasis
was given to the design of the approach to estimating
model parameters such as hydraulic conductivity to
maximize the information content of the available data.

An additional reason for not attempting alteration of °

individual model block parameters during calibration
was the size and complexity of the system modeled.
Manual model calibration is an iterative process
similar to the one used by parameter-estimation models
to find the combination of parameter values that gives
the best fit to available data. Automatic approaches by
computer programs have the advantage of being able to
test many more values and being more likely to find the
"best fit" parameters. They have the disadvantage of not
being able to recognize unrealistic parameters or combi-
nations of parameters. This disadvantage can be mini-
mized by careful application and by constraining the
parameter selection to within reasonable ranges.

METHOD TO ESTIMATE AREAL SENSITIVITY TO
PUMPING FOR DEVELOPMENT POTENTIAL

A starting head equal to zero was used for these sim-
ulations for easy comparison. Therefore, drawdown is
equal to the opposite sign of hydraulic head. Running

the simulation to steady state gives quicker runs and
the full and final effects of the pumpage. If subsidence
was simulated in the sensitivity to pumpage runs
(described previously in the text), areas of potential
subsidence would look more favorable for development
than would be true for a steady-state condition, due to
less drawdown.

To analyze effects of pumping individual blocks,
interference of nearby pumped blocks must be mini-
mized. In the first attempt at the sensitivity to pumpage
runs, every fourth block in every other layer was
pumped. The pumped blocks in every other layer were
offset two blocks, so the nearest interference from a
neighboring pumping block was at least four blocks
away, horizontally and vertically. Enough interference
was noted that a new design was developed that
pumped only one layer at a time and only every ninth
block in each direction. This took 810 simulations, but
because the simulations were all steady state, computer
run time was small and the whole group of simulations
executed in one night. Every model block with an aver-
age concentration of dissolved solids less than 10,000
mg/L was included in the analysis, a total of 7,324
blocks.

LIMITATIONS OF THE SIMULATION

Uncertainty is present in every scientific finding.
This section will discuss some of the known sources of
uncertainties in the findings of this study.

MODEL FIT

Hydraulic head is the only model-output quantity
that is observable because of the previously mentioned

_accuracy problems in estimating stream gains and

losses or other flows. Comparison of simulated with
observed hydraulic head is a very complicated process
when so much observed data are available and the sys-
tem simulated is so complex. Data could be compared
at six time periods for each of 10 layers in tens or hun-
dreds of blocks in each layer, totaling many thousands
of comparisons. A summary of comparisons for 1980 is
shown in table 6 because the most observed-head data
were available for that year. The model fit is adequate
considering the method and approach to calibration. No
attempt was made to alter the parameters for individual
blocks or even groups of blocks unless data errors were
found, as described in the previous section on calibra-
tion.

The overall model-fit root mean squared error
(RMSE) is only slightly better than it was in the prelimi-
nary model (comparing table 6 with Williamson and
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The model fit is poorest in layer 5 (table 6), espe-
cially in southern Arkansas and northern Louisiana
where the estimated hydraulic heads vary greatly from
one block to the next and the simulated heads are gen-
erally too high (pl. 7G). In this area, layer 5 contains a
substantial confining unit, effectively dividing it into
two permeable zones with nearly all of the pumpage
from the upper zone. The upper zone is much thinner
than the whole unit, causing more actual drawdown
(due to the reduced transmissivity) than is simulated in
the model, which uses the transmissivity of the entire
thickness of layer 5. The simulated heads near Mem-
phis, Tennessee, match the estimated heads well.

In layer 4, the simulated hydraulic heads generally
match the estimated heads in the Mississippi embay-
ment aquifer system but underestimate the drawdown
in the Winter Garden area of southern Texas (pl. 7H).
The fit (RMSE) is poorest in the western part of La Salle
County and adjacent Dimmit County, an area with
some of the lowest estimated heads. The trough of low-
est simulated head is much farther to the east, possibly
due to errors in the distribution of observed pumpage.

In layer 3, most of the estimated hydraulic-head data
are in eastern Texas, where the estimated head varies
considerably from one block to the next (pl. 7I). The
simulation for eastern Texas is neither consistently high
nor low. However, due to the varied nature of the esti-
mated heads, the model fit is poor at some of the loca-
tions.

The estimated hydraulic heads are matched best
(lowest RMSE) by the simulated heads in layer 2 (table
6). Most of the estimated block-averaged heads are
within 15 ft of the model-simulated head for the same
location for 1980 (pl. 7]).

Another check of the accuracy of the simulation is to
examine model fit over time for any trends that would
indicate the model did not simulate some time-sensitive
feature of the aquifer system. Usually, this is done by
comparing a few available well hydrographs with sim-
ulated hydrographs for the nearest block. The large
model blocks of this regional model preclude compar-
ing individual well hydrographs because the model
simulates many hydrologic complexities within each
model block. An alternative approach was chosen, com-
paring block-averaged estimated heads, wherever and
whenever they existed, with the equivalent model block
head and then plotting different statistics of the fit over
time. Simulated trends exhibit little bias over time
(fig. 55). The RMSE is plotted for each layer and groups
of layers in figure 55. All of the statistical measures
included in table 6 were plotted similarly to figure 55.
The mean differences were steady over time. The statis-
tics that measure variability in errors, like mean abso-

lute error and standard deviation, showed trends in
time very similar to the ones shown in figure 55. In
some layers the model fits the observed data consis-
tently better, and in other layers the fits are consistently
poorer. The estimated hydraulic-head data used to con-
struct figure 55 include more than 5,000 individual
block-year comparisons for the six time periods shown,
with about 500 blocks compared in 1962, increasing to a
maximum of 1,078 blocks in 1980, and decreasing
slightly in 1982. Additionally, the block-averaged esti-
mated and simulated heads for all layers in 10 selected
blocks having large drawdowns are shown in figure 36.

SUMMARY OF PARAMETER-ESTIMATION RESULTS

Kuiper's (1994) parameter-estimation results are
summarized here. Parameter values from Kuiper's 11-
parameter model (model number 9) (Kuiper, 1994, table
4) were chosen for simulations presented in this report.
Kuiper (1994, p. 75) states that the best model to predict
future hydraulic heads and estimates of effective con-
ductivity was his model using four parameters. Those
four parameters were horizontal hydrologic conductiv-
ity of sand, vertical hydraulic conductivity of fine-
grained deposits, specific storage, and a multiplier for
the water-table head used for the constant-head source
and(or) sink layer. Additional parameters chosen for
this report were used to divide up the Kh for sand into
six groups divided by combinations of area and layer,
ordered by estimated Kh from aquifer tests (Prudic,
1991, table 5, fig. 15). The layer-area combinations hav-
ing the largest estimated Kh were combined in group 1,
and so on, through the six groups with successively
smaller values of Kh. Kuiper's model 9, chosen for use
in this study, also included two groups of Kv, one for
fine-grained deposits in the regional confining units
and one for the fine-grained deposits contained within
the regional aquifers and permeable zones. The only
considerable change from Kuiper's model 9 is that the
simulations presented in this report do not use a multi-
plier for the water-table head used in the constant- head
source and(or) sink layer. Use of this parameter would
have improved the fit of the simulated to estimated
hydraulic head by lowering the mean difference from
18.5 ft (table 6) to 3.7 ft (Kuiper, 1994, table 4). However,
little else would have changed and there is no physical
explanation for use of this multiplier. For comparison
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