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CONVERSION FACTORS

Multiply By To obtain
inch (in.) 25.4 millimeter
inch per year (in/yr) 25.4 millimeter per year
foot (ft) 0.3048 meter
foot per day (ft/d) 0.3048 meter per day
foot per year (ft/yr) 0.3048 meter per year
mile (mi) 1.609 kilometer
square mile (mi2) 2.590 square kilometer
million gallons per day 0.04381 cubic meter per second
(Mgal/d)
gallon per minute (gal/min) 0.06309 liter per second
cubic foot per day (ft®/d) 0.02832 cubic meter per day
foot squared per day 0.0929 meter squared per day
(ft2/d)

Temperature can be converted from degrees Fahrenheit (°F) to degrees
Celsius (°C) by the equation:

‘c=5/9 ('F-32)

Sea level: 1In this report, "sea level" refers to the National Geodetic
Vertical Datum 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.
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HYDROLOGY OF THE TEXAS GULF COAST
AQUIFER SYSTEMS

By
Paul D. Ryder and Ann F. Ardis

ABSTRACT

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

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

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

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

For the study area, mean horizontal hydraulic conductivity in the calibrated model ranges from 10 feet
per day for the middle Wilcox aquifer to 25 feet per day for permeable zone A. Mean transmissivity ranges
from about 4,600 feet squared per day for the middle Claiborne aquifer to about 10,400 feet squared per day for
permeable zone D. Mean vertical hsydraulic conductivity ranges from 1.1 x 10°® feet per day for the Vicksburg-
Jackson confining unit, to 3.8 x 10~ feet per day for permeable zone A. Mean values of calibrated storage
coefficient range from 5.2 x 10 for the middle Claiborne aquifer to 1.7 x 10" for the middle Wilcox aquifer and
permeable zone C. Calibrated inelastic s?eciﬁc storage values for clay beds in permeable zones A, B, and C in
the Houston-Galveston area are 8.5 x 10”, 8.0 x 105, and 8.0 x 10 feet™, respectively. These values are 85, 80,
and 8 times greater than the estimated elastic specific storage value for the clays in permeable zones A, B, and

C, respectively.



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

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

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

INTRODUCTION

Gulf Coast Aquifer Systems Regional Study

The Gulf Coast Regional Aquifer-System Analysis (GC RASA) study was begun in 1980 as part of a
federally funded program of the US. Geological Survey to provide a regional understanding and assessment of
major aquifer systems in the United States. The GC RASA study is focused on the Gulf Coastal Plain
sediments of Tertiary and Quaternary age. The study area consists of about 230,000 mi* onshore and about
60,000 mi® offshore (about 290,000 mi’ total) in parts of Alabama, Arkansas, Florida, Illinois, Kentucky,
Mississippi, Missouri, Tennessee, Texas, and all of Louisiana (fig. 1). A complete discussion and description of
the GC RASA study is given in Grubb (1984).

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

Final reports, regional and subregional in scope, that describe the hydrogeologic framework, hydrology,
or geochemistry will be in a Professional Paper 1416 series that will consist of several chapters. This report is
Chapter E in the series.

Texas Gulf st Subregional Stud

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

Potential for saltwater encroachment is particularly great in the southwestern part of the study area.
The city of Alice in Jim Wells County and the city of Brownsville in Cameron County have supplemented
ground-water supplies with surface water because of saltwater encroachment (Texas Department of Water
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Resources, 1984a, p. I11-22-1). Because of saltwater encroachment, the cities of Agua Dulce, Banquette,
Driscoll, and Bishop in Nueces County, and Kingsville in Kleberg County plan to supplement ground-water
supplies with water from the Nueces River (Texas Department of Water Resources, 1984a, p. I1I-22-1).

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

Purpose and Scope

The objectives of the Texas Gulf Coast study are to: (1) Define the hydrogeologic framework and
hydraulic characteristics of the aquifer systems; (2) delineate the extent of fresh to slightly saline water in the
various hydrogeologic units; (3) describe and quantify the ground-water flow system; (4) analyze the hydrologic
effects of man’s development on the flow system; and (5) assess the potential of the aquifer systems for further
development. A preliminary, or interim report (Ryder, 1988) describes in detail the hydrogeologic framework
and the steady-state predevelopment flow system. Thus, a brief summary of these topics will be given in this
report, and the emphasis of this report is on the effects of development and the potential for development.

Method of Investigation

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

The Texas Gulf Coast study is one of five subregions of the GC RASA study for which digital models
have been developed. The five subregional models are nested within the GC RASA regional model. The
relation of the regional modeled area, with a grid having 102 rows, 58 columns and 10-mi grid-block spacing, to
the five subregional modeled areas, each with 5-mi grid-block spacing, is shown in figure 2. The model grid is
explained in more detail in the Appendix.

Description of the Area

The study area is located within the coastal plain of Texas, and extends from Mexico in the west to
Louisiana in the east. It consists of about 90,000 mi® onshore and an additional 24,000 mi’ in the Gulf for a total
surface area of about 114,000 mi® (fig. 3). The northern boundary is the updip limit of the Texas Gulf Coast
aquifer systems--the practically impermeable, predominantly marine clays of the Midway Group. The southem
boundary extends to the edge of the continental shelf in the Gulf of Mexico.

The study area encompasses all or parts of 109 counties. The principal physiographic province is the
Gulf Coastal Plain, and the major structural features are the Rio Grande embayment, San Marcos arch, East
Texas embayment, Sabine uplift, and the Gulf of Mexico geosyncline (fig. 1). Land surface is characterized by a
smooth, low-lying coastal plain that gradually rises toward the north and northwest where the more dissected



and rolling terrain reaches altitudes of as much as 600 ft in the eastern and central areas, and to as much as 900
ft in the west. The coastal uplands end at the contact with Cretaceous clay and limestone where the land
surface generally rises steeply. Twelve major streams drain the area, flowing generally south-southeastward
toward the Gulf. These are, from west to east, the Rio Grande, Nueces, Frio, San Antonio, Guadalupe,
Colorado, Brazos, Navasota, Trinity, Neches, Angelina, and Sabine Rivers (fig. 4). Many large reservoirs that
have been constructed on these and other streams supply substantial quantities of water for irrigation and
municipal supply.

Average annual precipitation during 1951-80 varied greatly, ranging from about 21 in. in most of the
Rio Grande valley in the southwest, to about 56 in. at the Texas-Louisiana boundary in the east (fig. 4).
Average annual runoff for 1951-80 ranged from about 0.2 in. at the Rio Grande to more than 18 in. from the
Houston area eastward into Louisiana (Gebert and others, 1987).

Previous Investigations

Numerous reports concerning the geology and hydrogeology of all or part of the study area have been
written by personnel of the Geological Survey and other Federal and State agencies, consulting firms, and
others. Several reports are regional in nature, including a report by the Texas Department of Water Resources
(1984a) that describes the hydrology of the area and presents a comprehensive plan for future water
development; a report by Baker and Wall (1976) that includes most of the study area and emphasizes the
desirability of conjunctive use of ground water and surface water in any plans for future development; a report
by Carr and others (1985) that includes much of the study area and applies digital modeling techniques to
simulate flow in Miocene and younger deposits; a report by Baker (1979) that includes an area from Mexico to
Louisiana and emphasizes the hydrogeologic framework of Miocene and younger units; a report by Baker
(1986) that applies digital modeling to simulate predevelopment flow in Miocene deposits in a 25,000 mi* area
in the eastern part, and a report by Jones and others (1976) that describes the hydrogeology of the Wilcox
Group. Some of the many reports dealing with more local ground-water problems are referenced throughout
this report where the published data or conclusions are helpful for describing and analyzing the regional
ground-water flow system.

Several recent reports have been generated by the GC RASA study. Grubb (1984, 1987) presented an
overview of the GC RASA. Hosman and Weiss (1988) described in detail the hydrogeologic framework for the
Texas coastal uplands aquifer system. Weiss (1987) described methods for estimating dissolved-solids
concentrations in water. Pettijohn and others (1988) presented maps of dissolved-solids concentrations. Ryder
(1988) described the hydrogeology and predevelopment flow in the Texas Gulf Coast aquifer systems.

HYDROGEOLOGY

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

Hydrogeologic Framework

Tertiary and Quaternary deposits of clay, silt, sand, and gravel as much as 12,000 ft thick underlie the
Gulf Coastal Plain in Texas. The clastic sediments dip toward the Gulf of Mexico and thicken in that direction.
The thick sequence of alternating fine- and coarse-grained sediments as subdivided into hydrogeologic units
that can be represented as layers in a digital ground-water flow model. The number of model layers
(hydrogeologic units) chosen is based on practical considerations for the scale of the system, objectives of the
model study, and computer-cost limitations. Weiss and Williamson (1985) discussed the rationale and
methodology for subdividing the Coastal Plain sediments into discrete hydrogeologic units for the GC RASA
study.
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Pre-Miocene sediments are distributed as relatively uniform sequences of predominantly fine- or
coarse-grained material. Borehole geophysical data can be used to identify the intervals and to designate
aquifers and confining units.

Miocene and younger deposits differ from pre-Miocene deposits. They exhibit more
heterogeneity--the interfingering of many thin beds of differing texture and limited areal extent. Where the
system is heterogeneous, Weiss and Williamson (1985) stated that the subdivision into layers should include an
evaluation of depths of producing zones and the resultant vertical distribution of hydraulic head. In addition,
borehole geophysical data are used to suggest relative permeabilities and delineate model layers that are more
likely to have uniform hydraulic properties. Thus, Miocene and younger deposits at large pumping centers in
Houston, Texas, and Baton Rouge, Louisiana, were subdivided into discrete units (Weiss and Williamson,
1985). These units are called "permeable zones" and confining units. The permeable zones typically contain
discontinuous clay beds, in contrast to the pre-Miocene aquifers that are typically massive sand beds separated
by regionally extensive clay beds.

The hydrogeologic units of the GC RASA study comprise three major aquifer systems (fig. 1). The
Texas coastal uplands aquifer system occurs only in Texas; the coastal lowlands aquifer system occurs in Texas
and several nearby states; the Mississippi embayment aquifer occurs in several states outside Texas. The two
systems in Texas are separated by the poorly permeable Vicksburg-Jackson confining unit and are underlain by
the practically impermeable Midway confining unit (tables 1 and 2). The Texas coastal uplands (hereafter
simply the coastal uplands) and coastal lowlands aquifer systems consist of four aquifers, five permeable zones,
and six confining units (including the Midway and Vicksburg-Jackson confining units). The definitions of the
hydrogeologic units and the names assigned to them may not conform to conventional definitions and names as
found in the published literature. The hydrogeologic units in the coastal uplands aquifer system are named for
the group designation of the sediments that comprise the units (Hosman and Weiss, 1988). Grubb (1987)
applied the designations "zone A" through "zone E" for the five permeable zones of the coastal lowlands aquifer
system. Correlation of stratigraphic and hydrogeologic units is shown in table 1 for the coastal lowlands aquifer
system and in table 2 for the coastal uplands aquifer system.

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

The hydrogeologic units are, from youngest to oldest: Permeable zone A (Holocene-upper Pleistocene
deposits); permeable zone B (lower Pleistocene-upper Pliocene deposits); permeable zone C (lower Pliocene-
upper Miocene deposits); zone D confining unit (middle Miocene deposits); permeable zone D (middle
Miocene deposits); zone E confining unit (lower Miocene deposits); permeable zone E (lower Miocene-upper
Oligocene deposits); Vicksburg-Jackson confining unit; upper Claibone aquifer; middle Claiborne confining
unit; middle Claiborne aquifer; lower Claiborne confining unit; lower Claiborne-upper Wilcox aquifer; middle
Wilcox aquifer; Midway confining unit.

All but two of the units (zone D and zone E confining units exist only in the subsurface) crop out in
bands that are essentially parallel to the coastline (fig. 5). Generally, the units dip south-southeastward toward
the Gulf of Mexico and thicken in that direction. An exception is in the Sabine uplift in the northeast, where
older units are again exposed at the surface and dip in all directions away from the uplift center.

The arrangement and subsurface extent of the hydrogeologic units that comprise the aquifer systems
are shown by the hydrogeologic section in figure 6. The hydrogeologic section is useful in that it presents a
simple, two-dimensional view of the interrelationship of aquifers, confining units, and hydrologic boundaries.
The section was drawn through about the center of the study area and along a row of a finite-difference grid
(fig. 2) that was used for digital modeling (to be discussed in the Appendix). It was constructed by using mean
layer thickness values for the 25-mi® grid blocks. The line of section is nearly parallel to the dips of the units.
The vertical scale is greatly exaggerated (more than 25 times); an absence of vertical exaggeration would show
the attitude of the units as being more nearly horizontal.



Table | .--Stratigraphic and hydrogeologic units for the coastal
lowlands aquifer system.
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Table 2.--Stratigraphic and hydrogeologic units for the coastal uplands aquifer system
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The base of the combined systems is defined here as either the top of the Midway confining unit or the
top of the geopressured zone. The geopressured zone occurs above the top of the Midway confining unit in
downdip areas, where there is a transition from a predominantly sand facies to a predominantly clay facies.
Very high pressures occur in this zone, which is evidence that hydraulic conductivities are very small with little
or no upward migration of water. The top of the zone of geopressure is mapped by Wallace and others (1981).
The irregular nature of the top of the geopressured zone is evident in the section. Also evident is the irregular
nature of the units themselves. In some areas, they may be exposed but pinch out downdip, or they may not be
exposed but exist only in the subsurface.

Hydraulic Properties

Initial estimates of aquifer properties were obtained from the literature or from analyses of field data.
These estimates were tested in a digital ground-water flow model, and calibration of the model leads to refined
estimates in some areas and for most hydrogeologic units. The hydraulic properties described below were
obtained from the calibrated model.

Horizontal Hydraulic Conductivity and Transmissivity

Hydraulic conductivity for aquifers and permeable zones in the Gulf Coast aquifer systems was
estimated by analyzing and averaging hundreds of aquifer tests and specific-capacity tests (Prudic, 1991).
Statistical analyses of hydraulic conductivity showed that four subareas could be distinguished within the study
area that contain significantly distinct geometric mean values (fig. 7). The mean values for the coastal uplands
aquifers in subarea 1 are higher than for those in subarea 2, whereas the values for the coastal lowlands
permeable zones in subarea 4 are higher than for those in subarea 3 and are the highest in the entire study area.

The initial estimates of hydraulic conductivity were refined during calibration of steady-state and transient
ground-water flow models. A comparison of field determinations of hydraulic conductivity with those derived
from model calibration is shown in figure 7 for the four subareas. Simulated values range from not greatly
different from field values to about 1.5 times greater than field values in subarea 2.

Mean, minimum, and maximum grid-block values of hydraulic conductivity for each aquifer and
permeable zone in the study area as derived from model calibration are shown in table 3. The values are
designated as uniform in four of the units. This designation is made because the units are relatively
undeveloped and field-test data are lacking, and further refinement of hydraulic conductivity with resulting areal
variation among the grid blocks was not warranted. The hydraulic conductivity values range from 1 ft/d in the
lower Claiborne-upper Wilcox aquifer (downdip in the Winter Garden area) to 102 ft/d in permeable zone A
(in eastern Texas). Means range from 10 ft/d in the middle Wilcox aquifer to 25 ft/d in permeable zone A.

Tests to analyze sensitivity of the model to changes in selected model variables (discussed fully in the
Appendix) show that the model is most sensitive to a decrease in horizontal hydraulic conductivity.

The thickness of each aquifer and permeable zone was described in detail by Ryder (1988). The
transmissivity of each aquifer and permeable zone as derived through the calibration of the digital flow model is
shown in figures 8-16. In general, the transmissivity is smallest in the extreme updip and downdip grid blocks,
where thicknesses generally approach zero. Transmissivity within the study area reaches a maximum of more
than 40,000 ft/d in three units: Permeable zone A (fig. 8), permeable zone D (fig. 11), and permeable zone E
(fig. 12). In permeable zone A, the largest transmissivity is at the Texas-Louisiana boundary where the
hydraulic conductivity of the zone is high. The largest transmissivity in permeable zones D and E is in downdip
areas where the units have a large thickness.

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



Table 3.--Horizontal hydraulic conductivity and transmissivity of aquifers and permeable
zones based on model calibration

[ <,less than ]

Aquifer Horizontal hydraulic

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

zone Mean Minimum Maximum Mean Minimum  Maximum
Permeable 25 12 102 6,956 <500 50,065
zone A
Permeable 23 2 25 10,262 <500 27,534
zone B
Permeable 15 7 31 9,298 <500 26,813
zone C
Permeable 16 8 21 10,383 <500 49,258
zone D
Permeable 15 (uniform) 7,766 <500 47,020
zone E
Upper Claiborne 15 (uniform) 5,998 <500 23,101
aquifer
Middle Claiborne 15 (uniform) 4,602 <500 22,915
aquifer
Lower Claiborne- 23 1 72 4,659 <500 30,922
upper Wilcox
Middle Wilcox 10 (uniform) 10,071 <500 34,688

aquifer
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Vertical Hydraulic Conductivity

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

The grid-block means of the vertical hydraulic conductivity of the aquifers and permeable zones in table 4
are generally a few orders of magnitude smaller than the horizontal hydraulic conductivity of the aquifers and
permeable zones (table 3). Means of the vertical hydraulic conductivity of confining units are smaller than
those of the aquifers and permeable zones, and the vertical conductivity of confining units below the Vicksburg-
Jackson is smaller than for the confining units above. Vertical hydraulic conductivity ranges from 1.0 x 10 to
1.0 x 10 ft/d. Means range from 1.1 x 10" ft/d for the Vicksburg-Jackson confining unit to 3.8 x 10° ft/d for
permeable zone A.

Tests to analyze sensitivity of the model to changes in selected model variables (discussed in the
Appendix) show that the model is moderately sensitive to change in vertical hydraulic conductivity.

Storage Coefficient

The storage coefficient for the confined aquifers and permeable zones was estimated by applying a
specific storage value of 1.0 x 10 ft* times the layer thickness. This specific storage value is an approximate
value for most confined aquifers (Lohman, 1972, p. 8).

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

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

Values of storage coefficient in table 5 are as large as 0.15, which is the estimated specific yield in the
unconfined part of the lower Claiborne-upper Wilcox aquifer. Means range from 5.2 x 10 for the middle
Claiborne aquifer to 1.7 x 10°3for the middle Wilcox aquifer and permeable zone C.

Storage in confining units is considered negligible. However, significant amounts of water may be
released from storage in younger clay beds in permeable zones A, B, and C when sufficient declines in head
cause the beds to compact inelastically. The release of water by inelastic compaction of fine-grained deposits in
these permeable zones causes land-surface subsidence. A digital model code incorporated from Leake and
Prudic (1989) provides for the release of water by inelastic compaction of fine-grained deposits by converting
from an elastic to an inelastic specific storage. This is done for the clay portion of a permeable zone when the
head in a grid block declines below the critical head. The critical head is defined as the head that coincides with
the maximum effective stress to which the deposits had previously been subjected.



Table 4.--Vertical hydraulic conductivity of
confining units based on calibrated model

uifers, permeable zones, and

Aquifer,

Vertical hydraulic conductivity

permeable zone, or (feet per day)
confining unit Mean Minimum Maximum

Permeable 3.8 X 1073 2.4 X 107 1.0 X 107!

zone A

Permeable 1.3x 103 1.0 X 10 - 5.0 X 107

zone B

Permeable 8.0 X 10™* 5.3 X 107 5.0 X 1072

zone C

Zone D confining unit 1.1 X 107* 1.0 X 107* 1.7 X 107

Permeable 1.3 x 107 1.0 X 10™° 8.3 X 107*

zone D

Zone E confining unit 1.1 x 107 1.0 X 107 1.3 x 107

Permeable 2.1 X 107* 1.0 X 10™* 1.0 X 1072

zone E

Vicksburg-Jackson 1.1 X 10 1.0 X 107 1.5 X 107

confining unit

Upper Claiborne aquifer 2.3 X 1073 1.0 X 1073 5.0 X 1072

Middle Claiborne 4.1 X 10°° 4.0 X 107 5.4 X 107°

confining unit

Middle Claiborne aquifer 4.6 X 107* 1.0 X 10° 1.0 X 107

Lower Claiborne 2.1 X107 2.0 X 107 3.4 X 107

confining unit

Lower Claiborne- 2.0 X 1073 2.0 X 107 1.0 X 1072

upper Wilcox aquifer

Middle Wilcox aquifer 1.0 x 107* 1.2 X 107 1.2 X 1073
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Table 5.--Calibrated storage coefficient for aquifers and permeable zones, and inelastic
specific storage for compacting clays

Aquifer or

(dimensionless)

Storage coefficient

inelastic specific
storage (ft™%)

permeable zone Mean Maximum

Permeable zone A 6.0 X 107* 9.4 X 107™* 8.5 X 107
Permeable zone B 1.3 X 1073 4.4 X 1073 8.0 X 1073
Permeable zone C 1.7 X 1073 4.9 X 1073 8.0 X 107
Permeable zone D 1.5 X 1073 5.1 X 1073
Permeable zone E 1.2 X 1073 4.4 X 1073 ---
Upper Claiborne aquifer 7.8 X 107* 2.5 X 1073 ---
Middle Claiborne aquifer 5.2 X 107 2.5 X 1073
Lower Claiborne-upper 5.7 X 107* 0.15 VY ---
Wilcox aquifer

Middle Wilcox aquifer 1.7 X 1073 5.2 X 1073

v Specific yield assigned in outcrop area.

7b



When the critical head decline is reached in model simulation, the initial specific storage value of 1.0 x
10 ft™ is increased by factors of 85, 80, and 8 for the clay portions of permeable zones A, B, and C, respectively,
in the Houston-Galveston area (table 5). These factors were determined during model calibration and resulted
from matching land subsidence in model simulations to measured values. The details of observed and
simulated land-surface subsidence will be discussed in the Appendix.

Dissolved-Soli ncentration and Density of Water

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

Dissolved solids concentration (mg/L)

Fresh . . . . . . .. .. .. ... .0-1,000
Slightly saline . . . . . . . . . 1,000 - 3,000
Moderately saline . . . . . . . .3,000 - 10,000
Very saline . . . . . . . . . . 10,000 - 35,000
Briny . . . . . . . . . . . . .More than 35,000

Freshwater requires little or no treatment for most public and industrial use. Slightly saline water is marginal
for many uses and often requires treatment or mixing with less mineralized water. The general term "saltwater”
is used to describe water that is not fresh.

The areal distributions of dissolved-solids concentrations in water for the aquifers and permeable zones
are shown in figures 17-25. The maps, modified from Pettijohn and others (1988), were generated from two
types of data; (1) chemical analyses of water where dissolved-solids concentrations are less than 10,000 mg/L,
and, (2) borehole geophysical log interpretations where concentrations are equal to or greater than 10,000
mg/L. Because concentrations of dissolved solids vary with depth within a given aquifer or permeable zone, a
depth-integrated average dissolved-solids concentration was calculated for each 100-mi? grid block (regional
grid, see fig. 2) in order to construct the maps (Pettijohn and others, 1983).

Dissolved-solids concentrations generally increase in a downdip, Gulfward direction. For most of the
units, particularly the coastal lowlands permeable zones, dissolved-solids concentrations are higher in the west
than in the east. Dissolved-solids concentrations range from less than 500 mg/L for nearly all of the units to
150,000 mg/L in a downdip area of permeable zone E (fig. 21). The areal extent of fresh to slightly saline water
(dissolved-solids concentration less that 2,000 mg/L) is particularly small in permeable zone E (fig. 21) and in
the upper Claiborne aquifer (fig. 22). This is apparently due, at least in part, to zone E confining unit and to the
intervening, poorly permeable Vicksburg-Jackson confining unit, with a consequent restricted and sluggish flow
system for these units.

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



Table 6.--Estimated density of water in the hydrogeologic units

Water density at atmospheric pressure,

Aquifer, 20 degrees Celsius

permeable zone, or rams pe i ntimeter

confining unit Mean Minimum Maximum
Permeable 1.004 0.995 1.029
zone A

Permeable 1.006 .995 1.048
zone B

Permeable 1.019 .994 1.069
zone C

Zone D confining unit 1.027 .997 1.068
Permeable 1.019 .994 1.087
zone D

Zone E confining unit 1.024 .995 1.087
Permeable 1.020 .990 1.072
zone E
Vicksburg-Jackson 1.016 .990 1.072

confining unit

Upper Claiborne aquifer 1.011 .988 1.047
Middle Claiborne confining 1.010 .988 1.047
unit

Middle Claiborne aquifer 1.003 .990 1.046
Lower Claiborne confining 1.003 .994 1.046
unit

Lower Claiborne-upper 1.001 .988 1.020

Wilcox aquifer

Middle Wilcox aquifer 1.005 .989 1.047
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REGIONAL FLOW SYSTEM

The predevelopment flow system was described in detail by Ryder (1988). He presented simulated
predevelopment potentiometric-surface maps for each aquifer and permeable zone discussed herein. Further
model calibration has resulted in considerably less flow in the predevelopment flow system than was previously
reported but little change in potentiometric surfaces. The newer flow values are presented, including a map of
recharge and discharge in the outcrop areas and a summary of vertical flow components for each layer.
Changes in the flow system from predevelopment to 1982 are described, and a quantitative analysis of the
simulated regional flow system for 1982 is presented.

Predevelopment St -State F1 m

The flow system prior to development is assumed to be a steady-state system in which inflow from the
recharge areas is equal to outflow in the discharge areas. There is no net accretion to or release of water from
storage in the aquifer systems. The assumption of steady state seems reasonable over long-term conditions.
Climatic changes, sea-level changes, and tectonic movements that may have been occurring over the past
hundreds or thousands of years have been neither rapid nor significant enough to preclude the establishment of
steady-state conditions.

Conceptual Model of System

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

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

The conceptual model of the aquifer systems consists of four aquifers, five permeable zones, and six
confining units as shown in figure 26. The water table in the uppermost 150 ft of the outcrop areas of the units
is assumed to be at a constant altitude, thus providing recharge to and discharge from the deeper parts of the
flow system. The relation between the conceptual model of the system and the digital model also is shown in
figure 26. The construction of the digital model was discussed in detail by Ryder (1988) and is summarized in
the Appendix.

Recharge and Interaquifer Leakage

Simulated values of recharge and discharge in the outcrop areas of the hydrogeologic units under
predevelopment conditions are shown in figure 27. The pattern of recharge and discharge is a reflection of
topography, with recharge occurring on topographically high areas, and discharge occurring in the stream
valleys, low-lying coastal areas, and in the Gulf. The highest values of recharge, 1 to 3 in/yr, were simulated
over relatively small areas. Generally, values of recharge and discharge are between 0 and 1 in/yr. The average
recharge in the study area is 0.34 in/yr. Because the discharge area is larger, the average discharge rate is only
0.18 in/yr. For those wanting a more detailed discussion of the technical aspects of recharge and interaquifer
leakage, see Ryder (1988, p. 102-103).



A summary of the upward, downward, and net vertical flow rates for the outcrop and downdip parts of
each aquifer and permeable zone is given in figure 28. The rates are for the study area only. The net leakage is
always upward into the overlying unit. Net leakage rates range from nearly 0 out of the lowermost unit to 24
million ft*/d into the uppermost unit.

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

Flow System, Predevelopment to 19
A digital ground-water flow model was calibrated for transient conditions, predevelopment to 1982,
and is discussed in detail in the Appendix. Some model input data and results are presented here to quantify
changes in the flow system from predevelopment to 1982, and to provide a quantitative description of the
regional flow system in 1982.
Ground-Water Development

The estimated average pumping rates for selected time intervals for 1910-82 are shown below (for
modeling purposes, it is assumed that there was no significant regional development prior to 1911):

Average pumping rate

Pumping Time (Million (Million
period interval ft3/d) galyd)
1 1910 0 0

2 1911-37 34 254

3 1938-47 62 464

4 1948-57 122 913

5 1958-62 156 1,167

6 1963-67 189 1,414

7 1968-72 221 1,653

8 1973-76 222 1,661

9 1977-81 231 1,728

10 1982 231 1,728

The pumping rates were relatively small and constant from 1911 to the late 1930’s; rates nearly doubled during
the 1940’s, and doubled again during the 1950’s. Increases in pumping rates were smaller after 1957, and a
leveling-off of rates is apparent after 1968.

Cumulative volumes of withdrawal, net recharge, and release of water from storage in the Texas Gulf
Coast aquifer systems are shown in figure 28a. These values are simulated by the model for the period 1910-82.
Bg 1982, an estimated 3.2 trillion ft* of water had been withdrawn from the aquifer systems. Of this, 2.4 trillion
ft> or 75 percent had been derived from recharge, and 0.8 trillion ft® or 25 percent had been derived from
storage in aquifers and compacting clay beds.
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The withdrawal distribution for 1980 was used for the simulation periods 1977-81 and 1982. Details of
the withdrawal estimates are in the Appendix (see section "Hydrologic Input Data"). In 1980, total withdrawal
from the aquifer systems in the study area was 231 million ft*/d (1.73 billion gal/d). About 90 percent of the
withdrawal was from 4 units: Permeable zones A, B, and C, and the lower Claiborne-upper Wilcox aquifer.
The remaining two permeable zones and three aquifers were relatively undeveloped. The areal distribution of
1980 withdrawal for each aquifer and permeable zone is shown in figures 29-37. The withdrawal is shown by 25-
mi® grid block, where withdrawal for a block equals or exceeds 0.5 Mgal/d.

Withdrawal for permeable zone A is shown in figure 29. The largest withdrawal is centered in Jackson
and Wharton Counties. Moderate to large withdrawal extends southward to the coast and eastward into Harris
County. In 1980, permeable zone A was the most intensively pumped unit in the study area.

Intense withdrawal from permeable zone B is centered in Harris County, with moderate withdrawal
extending into Galveston County (fig. 30). There is moderate withdrawal in updip areas in Colorado, Lavaca,
Jackson, and Victoria Counties. Permeable zone B was the second most intensively pumped unit in 1980.

Intense withdrawal from deep wells in permeable zone C also is centered in Harris County (fig. 31).
Withdrawal from permeable zones D and E, and from the upper and middle Claiborne aquifers is relatively
small (figs. 32-35).

Withdrawal from the lower Claiborne-upper Wilcox aquifer is moderate to large in the western
counties of Zavala, Dimmit, Frio, La Salle, Atascosa, and Wilson (fig. 36). Withdrawal is relatively small and
scattered in the central and eastern areas. This was the third most intensively pumped unit in 1980. Scattered
and relatively small withdrawal from the middle Wilcox aquifer occurs in the central and eastern areas (fig. 37).

Recharge, Discharge, and Distribution of Flow, 1982

The concept of a shallow water table that is replenished by precipitation and kept at an essentially
constant altitude on an average annual basis is valid for undeveloped areas, and probably for developed areas
receiving a large amount of precipitation such as in the east. In some areas, however, such as in the west where
withdrawal is large and precipitation is relatively small, dewatering has caused the water table to decline over
the years.

The head for the water table is held constant through time, but the flow into or out of the boundary
layer is the product of the vertical gradient between the constant head and the head in the aquifer, and the
conductance to flow between the two layers. This conductance is the harmonic mean conductance of the
bottom one-half of the constant-head grid block and the top one-half of the aquifer grid block. The amount of
flow into or out of the constant-head layer can be reduced (to zero, if desired) by reducing the conductance in
the desired grid blocks during model calibration.

For the permeable zones of the coastal lowlands system, the extremely large amount of vertical
anisotropy, caused by the numerous interspersed clay layers, precludes the existence of water-table conditions
except in the shallowest sands in the upper few feet or few tens of feet in the outcrop areas. It is assumed that
these shallow sands are recharged sufficiently by precipitation and by return flow from applied irrigation water
so that there is no increase or decrease in the shallow water table on a long-term basis.

There are suggestions by some investigators of a long-term rise in the shallow water table in
agricultural areas because of return flow from applied irrigation water. Evidence to substantiate this is lacking.
Long-term observation of the water level in a shallow well in an intensively pumped area of Jackson County
shows a long-term decline (to be discussed in detail in the next section). It is not known whether the water-level
change in this one well is representative of a regional water-level change in the shallow sands. In the absence of
further evidence, it is assumed that there is no long-term change in the shallow water table that would
significantly affect the rates of recharge, discharge, and storage changes as computed in the model simulations.
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Simulated values of recharge and discharge in the outcrop areas of the hydrologic units for the final
year of the model simulation, 1982, are shown in figure 38. Two features are apparent in figure 38 when
compared to predevelopment recharge (fig. 27): The decrease in size of discharge areas compared to recharge
areas, and the appearance of high rates of recharge in the central and western parts of the study area. Thus,
ground-water development causes a decrease in natural discharge as well as an increase in recharge.

The average 1982 recharge in the study area is 0.52 in/yr, and the average discharge rate, excluding
withdrawal, is 0.15 in/yr. As much as 6 in/yr of recharge occurs in Wharton and Jackson Counties. In this and
adjacent areas, there is concentrated withdrawal for irrigation (mainly rice) from updip parts of permeable
zones A and B. In these areas, the water withdrawn is supplied by local recharge. Where ground water is
withdrawn for irrigation in outcrop areas, a considerable amount of applied irrigation water may reenter the
aquifer by downward percolation. Jorgensen (1975, p. 55) estimated that as much as 30 percent of ground
water pumped for irrigation in the Katy area returned to the Chicot aquifer (permeable zones A and B; table
1). The Katy area is an area west of Houston that includes parts of Harris, Waller, and Fort Bend Counties;
recharge in this area is as much as 5 in/yr (fig. 38). Thus, the recharge rates in figure 38, and as discussed
generally in this report, may also include a considerable amount of return flow from irrigation in certain areas.

Another location of relatively high recharge, up to 4 in/yr, is in and near the outcrop of the lower
Claiborne-upper Wilcox aquifer in northern Zavala and northern Frio Counties. This is also an area of
intensive withdrawal for irrigation, and return flow from irrigation water probably makes up a substantial part
of the recharge as shown in figure 38. Mackey (1987) estimated that as much as 54 percent of irrigation
withdrawal from the sand and gravel High Plains aquifer is returned to the aquifer in part of the panhandle area
of northwest Texas. The similar nature of the aquifer materials and hydrologic conditions suggest that this
higher value of return flow could be applicable to Zavala and Frio Counties.

Concentrated withdrawal for municipal and industrial use in the Houston-Galveston area is mainly
from deep wells in highly confined permeable zones. Excess water is generally discharged to surface drainage
systems, with little opportunity for return to the ground-water system. Recharge in the immediate vicinity is
restricted by intervening clay beds. Deep cones of depression are developed until the cones intercept sufficient
recharge, or derive additional water from storage mainly from inelastic compaction of clays to satisy withdrawal.
Recharge tends to be less in the Houston-Galveston area compared to the rice-irrigation areas in Wharton and
Jackson Counties, as shown in figure 38.

The difference in simulated rates of recharge and discharge in the outcrop areas between
predevelopment and 1982 is shown in figure 39. The area of greatest increase in recharge or decrease in
discharge is in the updip areas of permeable zones A and B extending from the Guadalupe River in the south to
the Trinity River in the east. Although the area south of Houston has changed from a discharging to a
recharging area, the increased recharge is small when considering that there is large withdrawal in this area.
Gabrysch (1977) reported that the presence of the Beaumont Clay overlying the permeable zones in this area
restricts recharge.

A more moderate increase in recharge is in the coastal uplands units in western and northern Zavala
County, and in the northern parts of Frio, Atascosa, and Wilson Counties. Another area of substantial increase
in recharge, but of much less areal extent, is in the coastal uplands units along the Brazos River, near the
junction of Milam, Robertson, Burleson, and Brazos Counties. Moderate to large withdrawal for irrigation and
municipal supplies in this area is from several aquifers. Substantial but relatively smaller increases in recharge
in other areas are scattered and of small areal extent.

A summary of outcrop recharge, outcrop discharge, vertical leakage, withdrawal, and change in storage
in each hydrogeologic unit in the study area for 1982 is shown in figure 40. For the combined units, net
recharge in the outcrop areas supplied 76 percent of the total discharge (withdrawal plus a small amount of
lateral outflow), while 24 percent of the discharge was derived from depletion of storage in aquifers and
inelastic compaction of clay beds. Highest net recharge rates were in the outcrops of the four most intensively
pumped units: permeable zones A, B, and C, and the lower Claiborne-upper Wilcox aquifer. Nearly 47
percent, or 84 million ft*/d, of the net recharge was into the most intensively pumped unit--permeable zone A.
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Net downdip leakage tended to be from a unit with lesser withdrawal into an overlying or underlying
unit with greater withdrawal. The highest rate of net vertical leakage was 6 million f’/d upward into permeable
zone C from permeable zone D.

The change in the flow system between predevelopment and 1982 is dramatic. Flow through the
system has more than tripled. Withdrawal in 1982 was almost three times the predevelopment recharge rate, as
seen in the following summary:

RECHARGE AND STORAGE DISCHARGE:
(million f/d) (million f3/d)
Predevelopment conditions
Total recharge & Outcrop discharge 9
Lateral outflow 6
1 nditi

Total recharge 219 Pumpage 231
Decrease in storage 57 Outcrop discharge 40
— Lateral outflow _3
276 276

SUBREGIONAL FLOW SYSTEMS AND HYDROLOGIC
EFFECTS OF DEVELOPMENT
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