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FOREWORD

THE REGIONAL AQUIFER-SYSTEM ANALYSIS PROGRAM

The Regional Aquifer-System Analysis (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 repre-
sent 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 investi-
gations 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 predic-
tive capabilities that will contribute to the effective management of the
system. The use of computer simulation is an important element of the RASA
studies to develop an understanding of the natural, undisturbed hydrologic
system and the changes brought about in it by human activities and to pro-
vide a means of predicting the regional effects of future pumping or other
stresses.

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

Grotn AL s

Gordon P. Eaton
Director
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CONVERSION FACTORS, VERTICAL DATUM, AND ABBREVIATED

WATER-QUALITY UNIT
Multiply By To obtain
acre-foot (acre-ft) 0.001233 cubic hectometer
acre-foot per year (acre-ft/yr) 0.001233 cubic hectometer per year
cubic foot per second (f31s) 0.02832 cubic meter per second
foot (ft) 0.3048 meter
foot per day (ft/d) 0.3048 meter per day
foot per mile (ft/mi) 0.1894 meter per kilometer
foot squared per day (ft%/d) 0.0929 meter squared per day
gallon per minute (gal/min) 0.06309 liter per second
inch (in.) 254 millimeter
inch per year (in/yr) 254 millimeter per year
mile (mi) 1.609 kilometer
square mile (mi%) 2.590 square kilometer

Sea level: In 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 both the United States and Canada, formerly called Sea Level Datum of 1929.

Abbreviated water-quality unit:

mg/L, milligram per liter






REGIONAL AQUIFER-SYSTEM ANALYSIS—EDWARDS-TRINITY AQUIFER SYSTEM

HYDROGEOLOGIC FRAMEWORK OF THE
EDWARDS-TRINITY AQUIFER SYSTEM,
WEST-CENTRAL TEXAS

BY RENE A. BARKER AND ANN F. ARDIS

ABSTRACT

The Edwards-Trinity aquifer system underlies about 42,000 square
miles of west-central Texas. Nearly flat-lying Comanche (mostly Lower
Cretaceous) and Gulf (Upper Cretaceous) strata of the aquifer system
thin northwestward atop generally massive pre-Cretaceous rocks that
are comparatively impermeable and structurally complex. From
predominately terrigenous clastic sediments in the east and terrestrial
deposits in the west, the rocks of early Trinitian (Comanchean) age
grade upward into supratidal and intertidal evaporitic and dolomitic
rocks and shallow-marine, lagoonal, and basinal carbonate strata of
late Trinitian, Fredericksburgian, and Washitan (Comanchean) age. A
thick, downfaulted remnant of mostly open-shelf sediments of Eagle-
fordian through Navarroan (Gulfian) age confines a small, southeast-
ern part of the aquifer system.

While clastic deposition prevailed upon alluvial plains inland of a
westward-advancing Cretaceous sea, offshore environments were
dominated by the biogenic accumulation of calcium carbonate in
warm, generally clear seawater. The Trinity strata were deposited as
the sea encroached upon the Llano uplift, the most prominent feature
on a rolling peneplain composed of folded and faulted pre-Cretaceous
rocks. The Fredericksburg and Washita strata mostly formed above the
Llano uplift, on a carbonate platform sheltered from storm waves and
deep ocean currents by the Stuart City reef trend. Subsequently, the
entire study area was blanketed with mostly argillaceous sediments of
the Eagle Ford, Austin, Taylor, and Navarro Groups.

During late Oligocene through early Miocene time, large-scale
normal faulting formed the Balcones fault zone, where the Cretaceous
strata were displaced vertically, fractured intensively, and rotated dif-
ferentially within a series of southwest-to-northeast trending fault
blocks. Ground-water flow shifted toward the northeast in response to
rejuvenated hydraulic gradients and high-angle barrier faults that
blocked southeastward flow. Subsurface conduits lengthened in a
southwest-to-northeast direction as evaporites and soluble calcareous
constituents (other carbonate minerals and allochems) dissolved from
the fractured strata and discharged to downgradient springs and
streams. The springs originated in topographically low areas where
confined ground water was diverted to the surface by barrier faults.
Ground-water conduits enlarged through carbonate dissolution along
flowpaths that converged toward the springs. The major springs per-
sisted to control modern potentiometric levels and discharge patterns.
Stream erosion eventually breached the overlying, low-permeability

Gulf rocks and provided discharge areas for aquifers in the underlying,
more permeable Comanche rocks.

The Balcones faulting triggered processes responsible for sizable
contrasts between the hydraulic characteristics of Cretaceous strata in
the Balcones fault zone and those elsewhere in the Edwards-Trinity
aquifer system. By vertically displacing the terrain, the faulting
increased hydraulic gradients, which enhanced the percolation of
meteoric (precipitation-derived) water from land surface and increased
the velocity of ground-water flow. A dynamic regime of shallow
ground-water flow evolved that promoted dissolution and enhanced
the transmissivity of the Edwards Group in the Balcones fault zone.
Cementation, recrystallization, and replacement resulting from deep
burial and comparatively sluggish ground-water movement combined
to diminish the transmissivity of the underlying Trinity strata, as well
as most Cretaceous strata in the Hill Country, Edwards Plateau, and
Trans-Pecos.

The Cretaceous strata comprise a regional aquifer system of three
aquifers and two confining units. The aquifers are the Edwards aquifer
in the Balcones fault zone, the Trinity aquifer in the Hill Country and
deeper parts of the Balcones fault zone, and the Edwards-Trinity
aquifer in the Edwards Plateau and Trans-Pecos. The Navarro-Del Rio
confining unit confines downdip parts of the Edwards aquifer in the
Balcones fault zone. The Hammett confining unit, composed of the
Hammett Shale, confines basal parts of the Trinity and Edwards-Trinity
aquifers in most of the Hill Country and in a small southeastern part
of the Edwards Plateau. The confining units mostly are composed of
calcareous mudstone, siltstone, and shale deposited in low-energy
terrigenous and open-shelf marine environments. The permeable strata
mainly result from fractures and joint cavities, solution channels, and
fabric-selective forms of porosity caused by the dissolution of evapor-
ites and soluble calcareous constituents. Transmissivity in the
Edwards-Trinity aquifer system ranges from less than 5,000 to more
than 5,000,000 feet squared per day. Although transmissivity probably
averages about 750,000 feet squared per day in the Edwards aquifer, it
probably averages less than 10,000 feet squared per day elsewhere in
the aquifer system. Outside the Balcones fault zone, where the hydrau-
lic conductivity typically is small, transmissivity generally is greater
than 5,000 feet squared per day where the saturated thickness of the
aquifer exceeds 500 feet and generally is less than 5,000 feet squared
per day where saturated thickness is less than 500 feet.
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B2 REGIONAL AQUIFER-SYSTEM ANALYSIS—EDWARDS-TRINITY AQUIFER SYSTEM

INTRODUCTION

The Edwards-Trinity aquifer system, underlying
about 42,000 mi® of west-central Texas, was studied as a
part of the Regional Aquifer-System Analysis (RASA)
program of the U.S. Geological Survey. The U.S. Geo-
logical Survey began the RASA program during 1978 to
improve the hydrogeologic information on the major
aquifer systems in the Nation. The Edwards-Trinity
RASA was one of 28 projects identified for study
(Weeks and Sun, 1987). Key objectives of each RASA
study were to (1) delineate the regional aquifers and
regional confining units in the study area, (2) evaluate
the effects of the geology on the ground-water-flow
system, and (3) integrate the results of previous hydro-
geologic investigations in the study area.

PURPOSE AND SCOPE

This report describes the hydrogeologic framework
of the Edwards-Trinity aquifer system. The deposi-
tional, tectonic, diagenetic, and stratigraphic conditions
of the rocks that compose the aquifer system are
described under "Geologic Setting." The hydraulic char-
acteristics, aquifers, and confining units are described
under "Edwards-Trinity Aquifer System.” A correlation
chart (pl. 1) and seven hydrogeologic sections (pls. 2-8)
illustrate the relations between the chronostratigraphic
and lithostratigraphic units and the aquifers and confin-
ing units in the study area.

STUDY AREA AND AQUIFER-SYSTEM BOUNDARY

The RASA study area (fig. 1) extends in places
beyond the Edwards-Trinity aquifer system to include
contiguous terrain that is connected hydraulically to the
aquifer system. The boundary of the aquifer system
coincides in most places with the outer edge of Creta-
ceous rocks that are the principal source of ground
water. Contiguous hydraulically connected rocks lie
between the Edwards-Trinity aquifer system and the
limits of regional ground-water flow.

The Edwards-Trinity aquifer system comprises
three regional aquifers and two regional confining
units (fig. 2). From east to west, the aquifers are the
Edwards aquifer, Trinity aquifer, and Edwards-Trinity
aquifer. The aquifers are laterally adjacent except in
the southeastern part of the system, where a down-
faulted part of the Trinity aquifer is overlain by the
Edwards aquifer. The Navarro-Del Rio confining unit
confines downdip parts of the Edwards aquifer, and the
Hammett confining unit confines basal parts of the
Trinity and Edwards-Trinity aquifers.

With the exception of the High Plains aquifer
(defined by Weeks and others, 1988), the aquifer
nomenclature used in this report was adopted from that
recommended in the recently amended Texas Water
Plan (Texas Water Development Board, 1990, p. 1-5
and 1-6).

The boundary of the Edwards-Trinity aquifer system
between west-central Travis County and eastern
Brewster County mostly is defined by geologic condi-
tions. From west-central Travis County to north-central
Glasscock County, the boundary coincides approxi-
mately with the updip limit of the Cretaceous rock out-
crop (University of Texas, Bureau of Economic Geology,
1974b; 1975; 19764, c; 1981a; Ashworth and Flores, 1991,
fig. 1). This segment of the boundary is characterized in
places by a low escarpment facing away from the aqui-
fer system. From north-central Glasscock County to
northwestern Ector County, the boundary coincides
approximately with the updip limit of the Cretaceous
rock subcrop. This segment is defined approximately
because the basal Cretaceous sand at the base of the
Edwards-Trinity aquifer (Mount and others, 1967, p. 45)
is virtually indistinguishable from the Ogallala Forma-
tion, which forms the High Plains aquifer in that area
(Weeks and others, 1988). From northwestern Ector
County to Culberson County, the boundary is where
Cretaceous rocks abut the Cenozoic Pecos alluvium of
Cenozoic age (University of Texas, Bureau of Economic
Geology, 1976b; Rees and Buckner, 1980, fig. 2). From
Culberson County to the Rio Grande in Brewster
County, the boundary traverses the eastern flanks of
several mountain ranges where the Cretaceous rocks
pinch out, are structurally detached, or mostly are
impermeable (Rees and Buckner, 1980, fig. 2).

The boundary of the Edwards-Trinity aquifer system
between eastern Brewster County and west-central
Travis County mostly is defined by hydrologic condi-
tions. Because potentiometric data indicate that the
Rio Grande is a regional ground-water drain (Bush and
others, 1993), the boundary of the aquifer system
is assumed to coincide with the Rio Grande from
eastern Brewster County to south-central Val Verde
County. From the Rio Grande in south-central Val Verde
County to the Colorado River in central Travis County,
the aquifer system is bounded by a narrow transition
zone between freshwater and saline water (fig. 2)
that minimizes the downdip flow of freshwater from
the Edwards aquifer. The aquifer system boundary
coincides with the updip edge of the transition zone,
which is defined by the 1,000-mg/L line of equal
dissolved-solids concentration as modified from Maclay
and others (1980, fig. 7). Although dissolved-solids
data for the Trinity aquifer are too sparse to define
lines of equal dissolved-solids concentration, the



























GEOLOGIC SETTING

TABLE 1.—Carbonate-rock classification systems adapted from Dunham (1962) and Folk (1962)
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Carbonate-rock classification system from Dunham (1962)
DEPOSITIONAL TEXTURE RECOGNIZABLE DEPOSITIONAL
TEXTURE NOT
Original components not bound together during deposition Original components were RECOGNIZABLE
- bound together
. Containsmud Lacks mud and is during deposition...as
(particles of clay and fine silt size) grain-supported shown by intergrown
skeletal matter, lamination
Mud-supported Grain-supported contrary to gravity, or
sediment-floored cavities
Less than More than that are roofed over by Crystalline
10 percent 10 percent organic or questionably carbonate
grains grains organic matter and are too
large to be interstices. (Subdivide according
to classifications
designed to bear on
physical texture or
Mudstone | Wackestone Packstone Grainstone Boundstone diagensis.)
Carbonate-rock classification system from Folk (1962)
MORE THAN 2/3 LIME MUD MATRIX SuUB- MORE THAN 2/3 SPAR CEMENT
EQUAL
SPAR
Percent 0-1 1-10 10-50 More than AND Sorting Sorting Rounded
allochems percent percent percent 50 percent LIME poor good and abraded
MUD
Reprttiavs:nta- Micrite and F:;Sl:"sf' Sparse Packed vf::sc:]ﬂey A Unsorted Sorted Rounded
rock terms dismicrite micrite biomicrite | biomicrite biosparite biosparite | biosparite biosparite
- Fossilif-
1959 Micrite and L ; :
terminology dismicrite niir(c:)rlijtz Biomicrite Blosparite

Publications of the American Association of Petroleum
Geologists and the Geological Society of America and
some unpublished dissertations and theses from the
University of Texas (at Austin and at Arlington) also
were useful. The carbonate-rock terminology used in
this report (table 1) is based on classification procedures
recommended by Dunham (1962) and Folk (1962).

Much of the geologic information on the western and
southern parts of the study area was summarized
for this report from unpublished data provided by
Dr. C.I. "Tke" Smith, former Chairman of the Depart-
ment of Geology at the University of Texas at Arlington.
The authors are greatly indebted to Dr. Smith for his
enthusiastically shared knowledge about the Creta-
ceous rocks of southwestern Texas and northern
Mexico.

GEOLOGIC SETTING

DEPOSITIONAL, TECTONIC, AND DIAGENETIC
CONDITIONS

The depositional, tectonic, and diagenetic conditions
that characterize the rocks that form the Edwards-
Trinity aquifer system are strikingly different from
those of the underlying, comparatively impermeable
pre-Cretaceous rocks. The typically medium- to thin-
bedded Cretaceous strata of the aquifer system mostly
dip southeastward atop generally massive, westward-
dipping Paleozoic and Triassic units (fig. 5). The uncon-
formity between the Cretaceous rocks of the aquifer sys-
tem and the pre-Cretaceous complex (Barker and Ardis,
1992) marks a major shift in the geologic evolution of
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the study area. This hiatus in the rock record spans
about 60 million years of crustal warping and erosion
between the deposition of terrestrial red beds during
Late Triassic time and the deposition of terrigenous
clastic and shallow-marine carbonate sediments during
Early Cretaceous time. The following discussion sum-
marizes the geologic history of the pre-Cretaceous rocks
upon which the Cretaceous seas encroached and recon-
structs the depositional, tectonic, and diagenetic activ-
ity from the beginning of the Cretaceous Period to the
present. The discussion is limited to processes affecting
the hydrology of the Edwards-Trinity aquifer system.

PRE-CRETACEOUS HISTORY

The pre-Cretaceous geologic history of west-central
Texas was dominated by (1) an elongated depositional
trough called the Ouachita geosyncline, (2) land masses
located south and east of the geosyncline that were the
primary sources of clastic sediment, and (3) shallow
inland seas over a stable continental foreland located
north and west of the geosyncline. From southeastern
Oklahoma, the Ouachita geosyncline extended around
the southeastern and southern margins of the Llano and
Devils River uplifts to the southeastern and eastern
margins of the Marathon and Solitario uplifts (fig. 6).
The Llano and Devils River uplifts were resistant prom-
ontories of Precambrian crystalline rock on the southern
margin of ancestral North America. The geosyncline
might have resulted from subduction associated with
the ancestral (pre-Gulf of Mexico) positioning of
the North American and Afro-South American conti-
nental plates (Walper and Miller, 1985). Presently, the
Ouachita geosyncline is represented by the mostly bur-
ied Ouachita structural belt (Flawn and others, 1961).

While the coarsest Paleozoic deposits accumulated in
the Ouachita geosyncline, comparatively fine-grained
deposits of mostly organic and chemical origin formed
in the foreland area (Sellards, 1935, p. 18). During the
400 million years preceding Late Cambrian sedimenta-
tion, uplift and erosion prevailed over deposition
(Flawn, 1956). During the Late Cambrian through
Mississippian time, about 5,000 ft of mostly carbonate
strata formed in the foreland area atop an unevenly
eroded surface of folded and faulted Precambrian rocks.
Intermittent pulses of uplift and volcanic activity main-
tained prominent land areas along the cratonic margins
of the geosyncline, which provided the subsiding
trough with coarse, largely quartzose clastic sediments.
Deposition rates quickened during the Pennsylvanian
Period, and this faster rate of sedimentation continued
through Early Permian time. More than 5,000 ft of
marine sandstone, limestone, and shale accumulated in
the foreland area during Pennsylvanian through Early

REGIONAL AQUIFER-SYSTEM ANALYSIS—EDWARDS-TRINITY AQUIFER SYSTEM

Permian time. The geosynclinal deposits continued to
subside rapidly through most of this time and reached
depths of more than 20,000 ft before succumbing to
orogeny.

The Ouachita orogeny climaxed between Late Penn-
sylvanian and Early Permian time, when the geosyn-
clinal deposits were uplifted, thrust faulted, and
intensively folded into a Late Paleozoic mountain
range. The mountains extended from Mississippi,
through the Ouachita Mountains of Arkansas and
Oklahoma, to the Marathon and Solitario uplifts of
Texas. Sediments in the Ouachita geosyncline under-
went incipient to low-grade metamorphism, with
strong shearing and hydrothermal effects, as the Paleo-
zoic rocks were thrust northward (Flawn and others,
1961). The Llano and Devils River uplifts were resistant
buttresses against which the Ouachita facies were
thrust. Intervening rocks of the foreland facies were
sheared and folded (Webster, 1980), which created
petroleum traps and some of the most productive oil
and gas reservoirs in the world. Interior parts of the
Ouachita facies were altered to marble, phyllite, schist,
slate, or related products of heat and pressure.

During the waning stages of the Ouachita orogeny,
the Permian Basin (fig. 6) developed in west Texas
beneath a broad, shallow sea. The sea became increas-
ingly saline as the basin became more isolated from the
open ocean about the middle of Late Permian time, a
time of intense aridity (King, 1942, p. 711-763). Detrital
influx to the Permian Basin eventually ceased and the
predominate sediments became gypsum, anhydrite,
halite, and potash. Following uplift and erosion toward
the end of Late Permian time, the connection between
the Permian Basin and open ocean improved and the
highly saline water was gradually replaced by fresher
seawater. Fine-grained clastic sediments (probably
eroded from slightly higher areas to the south, west,
and north) were deposited as a relatively thin red-bed
unit above the older evaporitic strata. The sea withdrew
from the Permian Basin as West Texas was uplifted at
the close of the Paleozoic Era.

The withdrawal of the Permian sea was followed by
long periods of nondeposition, crustal warping, and
erosion during Early through Middle Triassic time. As
uplift continued in the Llano area and erosion planed
down the central basin platform (fig. 6), a closed conti-
nental basin formed over much of west-central Texas
and eastern New Mexico. During Late Triassic time,
Paleozoic rocks were eroded from the surrounding high
ground and redeposited in low-lying fluvial, deltaic,
and lacustrine environments as red beds of the Dockum
Group (McGowen and others, 1979, p. 6).

West-central Texas was above sea level during most
of the Jurassic Period. During this time, the landscape















GEOLOGIC SETTING

unusually quiet body of seawater, such as a broad
lagoon or open embayment, where water salinities
ranged from normal marine to brackish (Amsbury,
1974, p. 22). Carbonate sedimentation dominated dur-
ing deposition of the Hammett Shale, as the production
of carbonate mud increased and the influx of clastic
detritus decreased.

The Cow Creek Limestone formed as mostly high-
energy, beach-dominated environments prograded sea-
ward from the Llano uplift (Stricklin and Smith, 1973).
Depositional conditions were controlled principally by
a shelf profile that steepened prior to Cow Creek depo-
sition and a regressive sea that persisted through the
end of middle Trinitian time. Lower parts of the Cow
Creek Limestone appear to have been deposited off-
shore under gradually shoaling conditions. Coquina in
the upper parts are thought to have formed within a
shoreline reentrant, where mollusk shells furnished by
slackened longshore currents were sorted by waves
refracted against the curved shoreline of the reentrant
(Stricklin and Smith, 1973). High-gradient streams
transported Precambrian igneous and metamorphic
detritus and Paleozoic sedimentary rock fragments
from the Llano uplift to the shoreline, where they mixed
with the shell debris and extended the land area. As the
reentrant filled and the shoreline stabilized, upper parts
of the beach became subaerially exposed. An irregular
topography and pockets of caliche developed atop parts
of the Cow Creek Limestone, as unconsolidated sedi-
ments were redistributed by the wind and storm waves,
and infiltrating meteoric water leached carbonate
surfaces.

Further subsidence initiated the third and final major
transgression of the Trinity sea. The Bexar Shale Mem-
ber of the Pearsall Formation (Forgotson, 1957, p. 2,347)
was deposited as a mixture of terrigenous clastic and
marine carbonate sediments in the "fine-grained distal
part” of a deltaic system that prograded seaward from
the Llano uplift (Loucks, 1977, p. 106). The Hensel Sand
formed in the updip part of this system, where alluvial
fans on the flanks of the Llano uplift coalesced into
alow-lying coastal plain. The coastal plain merged
on the south and east with the shallow-marine environ-
ment of the Bexar Shale. The basal Cretaceous sand
(Romanak, 1988) formed west of the Llano uplift (fig. 8),
where typically it amassed as a sprawling, braided
stream deposit atop an eroded surface of pre-
Cretaceous rocks (fig. 9, J-]").

As sandy red beds of the updip Hensel Sand formed
in terrestrial settings around the Llano uplift, the Glen
Rose Limestone accumulated to the southwest (above
the basal Cretaceous sand) and south (above the Bexar
Shale) in low-energy, shallow-marine environments.
During early Glen Rose time, rudist reefs and bio-
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stromes flourished in pockets of well-circulated water
of less-than-normal salinity (Perkins, 1974; Petta, 1977).
The reef structures vanished as hypersaline conditions
dominated late Glen Rose time in response to reduced
water circulation and increased aridity (Stricklin and
Amsbury, 1974). The upper member of the Glen Rose
Limestone mostly formed in restricted environments
dominated by broad tidal flats in the lee of an incipient
Stuart City reef trend (fig. 6) that began to build along
the shelf edge during middle to late Trinitian time.

The rate of regional subsidence during middle to late
Trinitian time was greatest toward the south. As a
result, the Glen Rose Limestone is more than three
times as thick in southern Kinney County as in central
Sutton County (pl. 6). Jager (1942, p. 384) attributed this
southward thickening to the rapid sinking of the Rio
Grande embayment (fig. 6). Trinity rocks in the study
area were deposited over the northern flank of the Rio
Grande embayment (Murray, 1961, p. 128).

The sea withdrew from the study area during late
Trinitian time. As the shoreline receded toward the
south and east, the carbonate-producing marine envi-
ronments of the Glen Rose Limestone were replaced in
the southwestern part of the study area by a fluvial-
deltaic system that deposited the Maxon Sand (King,
1980, p. 21). While sandy and silty red beds of the
Maxon Sand accumulated atop the Glen Rose Lime-
stone between southern Pecos County and central
Edwards County (fig. 8), the upper part of the Glen
Rose Limestone mostly was exposed as a broad tidal
mudflat east of Edwards County. The evaporites and
thin beds of dolomitic and marly limestone that formed
upon the mudflat were dominated by consolidation,
cementation, and weathering (Lozo and Smith, 1964,
p-291). (Mud cracks, algal structures, ripple marks,
dinosaur tracks, and clam borings characteristic of the
depositional settings are preserved near the top of the
Glen Rose Limestone.) The shoreline receded at the end
of Trinitian time to a position parallel to and slightly
north of the present-day Balcones fault zone.

Comanchean Epoch: Fredericksburgian and
Washitan Ages

By early Fredericksburgian time, an offshore bioherm
of rudists, corals, and calcareous sediment had grown
to an almost continuous reef-island ridge along the
seaward edge of the continental shelf in the ancestral
Gulf of Mexico basin (Bebout and Loucks, 1974, p. 6).
This shelf margin ridge, called the Stuart City reef
trend (Winter, 1962), extended from northern Mexico
across nearly 500 mi of southeastern Texas (fig. 6). The
aggressive upward growth of the Stuart City reef trend
during Fredericksburgian through most of Washitan
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time probably resulted from an abrupt rise in sea level
that might have been triggered by an increase in the rate
of sea-floor spreading (Bay, 1977, p. 17).

The Stuart City reef trend sheltered depositional
environments in the study area from storm waves and
deep ocean currents in the ancestral Gulf of Mexico.
While water depths exceeded 1,000 ft in the basin,
they ranged from a few feet to generally less than 100 ft
on the carbonate platform upon which the rocks of
the Edwards-Trinity aquifer system formed. While
dark, argillaceous sediments characterized by plank-
tonic foraminifera accumulated basinward in reducing
environments, calcareous strata containing warm-water
organisms formed in shallow-marine environments
on the carbonate platform (Bebout and Loucks, 1974,
p- 2-6). Evaporitic and dolomitic strata formed upon
tidal flats, which occupied the higher elevations of the
carbonate platform and frequently were subjected to
subaerial exposure, oxidation, and erosion.

The Fredericksburg and lower Washita strata of west-
central Texas were deposited landward of the Stuart
City reef trend, largely on a part of the continental shelf
known as the Comanche shelf (Rose, 1972). According
to C.I. Smith (University of Texas at Arlington, written
commun., 1989), depositional environments on the
Comanche shelf were controlled by the (1) distribution
and rates of subsidence and uplift, (2) influx of fine-
grained terrigenous sediment, and (3) extent of water
circulation, or degree of restriction relative to that of
the open sea. The resulting lithofacies determine the
stratigraphy and, together with the effects of post-
depositional tectonics and carbonate diagenesis, the
hydraulic characteristics of rocks that compose the
Edwards-Trinity aquifer system.

Structural features of the Comanche shelf that most
strongly affected Fredericksburg and Washita deposi-
tion are shown in figures 6 and 10. The lateral and verti-
cal distributions of the resulting rock units are shown in
figures 11 and 12, respectively.

The central Texas platform was an elongated mound
on the Comanche shelf (figs. 6, 10) that extended from
northwest of the Llano uplift to approximately the San
Angelo area (fig. 11). The San Marcos arch, a somewhat
narrower structural high, extended southeast from the
Llano uplift to the Stuart City reef trend. By early
Fredericksburgian time, the most prominent parts of the
Llano uplift probably had been eroded to a few low-
standing islands in the Cretaceous sea. However,
because the Llano uplift bridged the central Texas plat-
form and San Marcos arch, depositional environments
in the study area generally were isolated from those of
north Texas. The Maverick basin, which today straddles
the boundary between Texas and Mexico, was a semi-
circular depression along the southern margin of the
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Comanche shelf. The Devils River trend, a narrow car-
bonate bank composed largely of rudists and reef
debris, developed around the northern and western
margins of the Maverick basin during middle Freder-
icksburgian through early Washitan time. The Devils
River trend, together with the Stuart City reef trend, vir-
tually surrounded the Maverick basin, which contrib-
uted to the uniqueness of the lithofacies that formed
inside the basin. The Fort Stockton basin was a slowly
subsiding marine embayment extending from northern
Mexico across the northwestern part of the Comanche
shelf.

During Fredericksburgian through early Washitan
time, the central Texas platform (figs. 6, 10) was domi-
nated by supratidal, intertidal, and restricted shallow-
marine depositional environments (fig. 13). During
periods of especially low sea level and extreme aridity,
the crest of the central Texas platform became a broad,
sabkha-type mudflat where evaporites, dolostone, and
thin-bedded dolomitic limestone were deposited
(Fisher and Rodda, 1966). Comparatively thick-bedded,
rudist-bearing, bioclastic carbonate strata were depos-
ited concurrently on the southwestern flank of the cen-
tral Texas platform in mostly open shallow-marine to
open-shelf environments. Here, the water typically was
deeper and the circulation generally was less restricted
than in the tidal flat environments that prevailed over
the crest of the central Texas platform. Marly carbonate
strata were deposited at this time in the Fort Stockton
basin, an open-marine embayment of moderately deep,
quiet water.

The eastern part of the Fort Terrett Formation and the
Segovia Formation (Rose, 1972) formed near the crest of
the central Texas platform mostly in supratidal to
restricted shallow-marine environments. The western
part of the Fort Terrett Formation and the Fort Lancaster
Formation (Scott and Kidson, 1977) formed mostly in
open shallow-marine to open-shelf environments tran-
sitional to those on the central Texas platform and in the
Fort Stockton basin.

The Finlay Formation, a cliff-forming limestone with
quartz sand in the lower part and rudists in the upper
part (Reaser and Malott, 1985), formed in the Fort
Stockton basin during Fredericksburgian time—when
the basin primarily was a shallow, open lagoon. The
Boracho Formation (Brand and Deford, 1958) was
deposited later in a deeper, shelf-basin environment
that received fine-grained terrigenous sediment from
west of the study area (fig. 13). The fine-grained, silici-
clastic nature of the Boracho Formation inhibited
the precipitation of calcium carbonate and growth of
rudists in the Fort Stockton basin during Washitan time
(CI Smith, University of Texas at Arlington, oral
commun., 1989).
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The San Marcos arch was dominated by shallow-
water deposits upon tidal flats that frequently under-
went uplift, subaerial exposure, and erosion. The parts
of the Kainer and Person Formations (Rose, 1972) that
formed over this arch are characterized by lateral facies
changes, structural thinning, and erosional surfaces.

Although depositional environments on the central
Texas platform and on the San Marcos arch generally
became shallower during Fredericksburgian through
early Washitan time, major subsidence south of a
tectonic hinge line (figs. 6, 13) kept parts of southwest-
ern Texas and northern Mexico more deeply sub-
merged. The tectonic hinge line (Smith, 1981, p. 4)
extended from the San Marcos arch westward across the
southern parts of Medina, Uvalde, and Kinney Counties
to the Big Bend area of Texas (fig. 3). Greater rates of
subsidence south of the hinge line caused fundamental
differences between the lithology of rocks deposited on
the southwestern flank of the central Texas platform
and those deposited in the Maverick basin (C.I. Smith,
University of Texas at Arlington, oral commun., 1989).

In contrast to many depositional breaks north of the
tectonic hinge line, the persistently submerged
Maverick basin received sediment almost continuously
during Fredericksburgian through most of Washitan
time. Depositional environments inside the basin gener-
ally were buffered from those more typical of the cen-
tral Texas platform by an intervening zone of
comparatively unrestricted circulation, moderate-to-
high wave and current energy, and aggressive reef
growth (the Devils River trend, figs. 6, 10). The resulting
bank of carbonate sediment and reef debris is mapped
as the Devils River Formation (fig. 11, pl. 1). The Devils
River trend on the west and north, together with the
Stuart City reef trend on the east and south, nearly
encircled the Maverick basin and helped isolate the
lithofacies of the Maverick basin from those elsewhere
in the study area.

Bioclastic limestone of the West Nueces Formation
(Lozo and Smith, 1964) formed mostly below wave base
during early stages of the Maverick basin when the area
typically was dominated by partly restricted to open-
marine environments and approximately normal sea-
water. Later, as water salinities increased, the intertidal
to shallow subtidal environments that produced the
West Nueces Formation and lower parts of the
McKnight Formation gave way to evaporite precipita-
tion on a broad mudflat that sloped inland from the
Stuart City reef trend (Miller, 1984). Water depths that
initially had increased between the Stuart City reef
trend and the Devils River trend suddenly reversed in
response to accelerated rates of subsidence (C.I. Smith,
University of Texas at Arlington, oral commun., 1989)
south of the tectonic hinge line (figs. 6, 13). The associ-

B23

ated basinward increase in water depth caused gypsif-
erous tidal flat deposits near the top of the lower
McKnight sequence to prograde northward, over the
West Nueces Formation, into the Devils River trend
(fig. 12, L-L").

Water circulation deteriorated markedly inside the
Maverick basin as the stature of the Stuart City and
Devils River (reef) trends evolved and the basin contin-
ued to deepen. A thin-bedded, finely laminated
sequence of mudstone, which composes middle parts of
the McKnight Formation, formed in an euxinic, basinal
environment (Carr, 1987, p. 70) that produced dark
organic shale and petroliferous limestone, with minor
amounts of sulfur. As water depths subsequently
decreased to perhaps 150 or 200 ft, thin beds of anhy-
drite and argillaceous mudstone accumulated in
slightly fresher water to form upper parts of the
McKnight Formation. The McKnight Formation even-
tually was covered with more than 300 ft of dense,
medium- to thick-bedded mudstone that composes the
lower two-thirds of the Salmon Peak Formation
(Humphreys, 1984). The lower few hundred feet of the
Salmon Peak Formation formed in open to partly
restricted basinal environments, where water depths
probably ranged from about 300 to about 600 ft. Toward
the end of Salmon Peak deposition (late Washitan time),
the Stuart City reef trend began to disintegrate and the
connection improved between the Maverick basin and
open sea (C.I. Smith, University of Texas at Arlington,
oral commun., 1989). The uppermost 75 to 100 ft of the
Salmon Peak Formation formed as partly reworked
grainstone and wackestone deposits prograded south-
ward from the Devils River trend.

Concurrent with deposition inside the Maverick
basin, the surrounding Devils River trend produced
a stratigraphically undifferentiable bank of partly to
completely dolomitized miliolid, shell-fragment,
and rudist-bearing limestone (Lozo and Smith, 1964,
p- 291-297). Nodular, burrowed, dolomitic, and evap-
oritic rock sequences that compose lower parts of the
Devils River Formation were laid down during Fred-
ericksburgian time in partly restricted tidal flat environ-
ments somewhat similar to those on the southwestern
flank of the central Texas platform (Miller, 1984).
Deeper water and comparatively unrestricted circula-
tion allowed rudist reefs to flourish during most
of Washitan time around the northern perimeter of
the Maverick basin, where upper parts of the Devils
River Formation formed in mostly open shallow-marine
environments of moderate-to-high wave and current
energy. The reefs might have emerged from the
sea intermittently during middle Washitan time when
they are believed to have been extensively leached,
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dolomitized, and recrystallized (R.W. Maclay, U.S. Geo-
logical Survey, written commun., 1987).

The geologic histories of the Maverick basin and the
Devils River trend are complex because of wide ranging
depositional, tectonic, and diagenetic conditions. For
detailed accounts of these conditions and their effects,
the reader is referred to Humphreys (1984, p. 34-59)
and Miller (1984, p. 3-33).

Toward the end of early Washitan time and continu-
ing into late Washitan time, the sea withdrew from the
central Texas platform in response to tectonic upwarp-
ing of the Comanche shelf (Rose, 1972, p. 71). Soil and
caliche horizons developed on emergent northwestern
parts of the central Texas platform (Smith and Brown,
1983, p. 23). Freshwater marl and limestone formed in
marshy environments on the lower-lying southeastern
margin of the platform (Halley and Rose, 1977, p. 213-
215). Approximately 100 ft of lower Washita strata was
eroded from the crest of the San Marcos arch and upper
surfaces of the remaining rocks were karstified
(Hammond, 1984). Much of the paleokarst and many of
the caverns that today occur in the Edwards Plateau
(Kastning, 1983) probably originated during the Washi-
tan episodes of subaerial exposure.

The open sea returned during Washitan time and the
Georgetown Formation—a nodular, slightly argilla-
ceous, generally thin-bedded limestone—was deposited
over the San Marcos arch. Bioclastic sand and carbonate
mud belonging to upper parts of the Segovia and Fort
Lancaster Formations were deposited during this time
over the central Texas platform in relatively shallow,
well-circulated seawater (Rose, 1972, p. 71). A shoaling-
upward pattern of deposition prevailed around the
northern margin of the Maverick basin, where the
deposits reflect the effects of sediment reworking and
moderate-to-high wave and current velocities. The
upper part of the Salmon Peak Formation formed when
a tongue of mostly grainstone prograded southward
over the Maverick basin from the Devils River trend
(fig. 12, L-L"). By this time, the rate of reef growth in the
Devils River trend probably exceeded the rate of sub-
sidence in the Maverick basin (Humphreys, 1984, p. 56).

Following regional uplift near the end of Washitan
time and the additional erosion of sediments from the
crest of the central Texas platform, the open sea
returned once again to west-central Texas. The
Comanche shelf was blanketed by the Del Rio Clay.
Silt, clay, and marly limestone of this relatively thin,
open-marine deposit topped the Maverick basin,
which by late Washitan time was no longer a distinct
depositional basin. Carbonate sedimentation decreased
sharply as fine-grained, terrigenous sediment began
to dominate and impede the growth of carbonate-
producing organisms in environments no longer shel-
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tered by the Maverick basin or Stuart City reef trend
(CI. Smith, University of Texas at Arlington, oral
commun., 1989).

Following uplift of the central Texas Platform
just before the end of Washitan time, erosion stripped
much—and in places, all—upper Washita strata from
the study area. The sea returned near the end of
Washitan time and blanketed west-central Texas with
an open-shelf mudstone known today as the Buda
Limestone.

Gulfian Epoch: Eaglefordian through Navarroan Ages

During Eaglefordian (early Gulfian) through
Navarroan (late Gulfian) time, the Buda Limestone was
covered with 2,000 to perhaps 4,000 ft of sandstone,
shale, marl, and chalk (Waters and others, 1955,
p- 1,831). Except for some Eagle Ford sediments in the
southwestern part of the study area that possibly were
deposited by high-energy oceanic currents (C.I. Smith,
University of Texas at Arlington, oral commun., 1989),
most of the Gulf strata formed in low-energy, open-shelf
environments. Accordingly, most of the Gulf strata are
fine-grained, strongly cemented, and virtually imper-
meable to ground water (Maclay and Small, 1986,
table 1).

Near the end of the Cretaceous Period, the study area
entered a prolonged interval of uplift in association
with the Laramide orogeny and Basin and Range defor-
mation of northern Mexico (Henry and Price, 1985;
Ewing, 1991). Subsequent erosion has removed most
Gulf strata from the study area. The remaining Gulf
rocks include sparse outcrops and shallow subcrops of
Eagle Ford and Austin strata in the Edwards Plateau
and in the Trans-Pecos and relatively thick, steeply dip-
ping Eagle Ford-through-Navarro strata above the
Ouachita structural belt (fig. 6). The Cretaceous rocks of
the study area are separated from the Cenozoic rocks by
a major unconformity (Adkins, 1933).

POST-CRETACEOUS HISTORY

The post-Cretaceous geologic history of west-central
Texas was dominated by widespread uplift and erosion,
concurrent with deposition in the Gulf of Mexico.
During the Cenozoic Era, a thick succession of offlap-
ping deltaic deposits built the Gulf Coastal Plain with
detritus eroded from Paleozoic and Mesozoic rocks on
the uplifted continental interior (Wilhelm and Ewing,
1972). Cenozoic deposits in the study area include
thick deposits of Tertiary and Quaternary alluvium
along the Pecos River and sparse remnants of the
(1) upper Tertiary Ogallala Formation, (2) Pliocene
(Uvalde gravel) and Pleistocene terrace deposits, and
(3) Holocene streambed deposits. Only the thick
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TABLE 2.—Approximate maximum thickness of lithostratigraphic units that compose the Edwards-Trinity aquifer system, west-
central Texas

Thickness

Lithostratigraphic unit (feet) Source of thickness data

Navarro Group...... 500 Maclay and Small, 1986, table 1
Taylor Group.......... 500
Austin Group............. 350
Eagle Ford Group 250
Buda LImMeStONe........coveuereeeieiceeeectiecaeisreeeesesseseserssscsesessesessenes 200 Small and Ozuna, 1993, table 1
DELRIO Clay....cvevireirierinmsniseissinissnsissnsessssessssssmsssssssessessess 170 C.L Smith, written commun., 1989
Georgetown FOrmation............icciicniiecnsensesennns 60 Rose, 1972, fig. 16
Salmon Peak FOrmation............ocviecennecrnencninensncsncnensessesenas 500 Humphreys, 1984, fig. 2
Devils River FOrmation.........ccoeeeieeeveinieieeceeseseseeeesesesnenesssesenns 700 Maclay and Small, 1986, table 1
Boracho FOrmation..........ceccevieeenieieoneeeesssseenens 410 Brand and Deford, 1958, fig. 2
Fort Lancaster Formation. 405 C.L Smith, written commun., 1989
Segovia Formation............... 380 Rose, 1972, fig. 23
Person Formation......... 260 Rose, 1972, fig. 15
McKnight Formation.........cocveinneinicence. 285 Carr, 1987, p. 21
Finlay FOIMAtON.....c.ccvueeeenremccmencencrremesesesesseesesssssersesssssssasssnens 165 Small and Ozuna, 1993, table 1
Fort Terrett FOrmation..........c.oeiieueiincicmnciisimiencensacees 300 Rose, 1972, fig. 21
West Nueces Formation. 260 Miller, 1984, p. 9
Kainer Formation. 400 Rose, 1972, fig. 14
Maxon Sand 200 C.L Smith, written commun., 1989
Glen Rose Limestone 1,530 Welder and Reeves, 1964, table 1
COX SANASLONE. ....ocueereirireeerrrecrrneeeretresesreressesresesesssaresssssressenes 170 Brand and Deford, 1958, fig. 2
Yearwood FOrmation..........cceevveveeeveinieiiieneeneeceeneeseseenesessenenes 180 e | B0 YRS
Basal Cretaceous Sand..........co.cuvevveiiveeereererieseseesesessesesseessessone 395 Romanak, 1988, p. 21; Wessel, 1988
Hensel Sand /Bexar Shale

Member of Pearsall FOrmation............ccooeveeverieveveeeniereseencerens 210 Imlay, 1945, table 2
Cow Creek Limestone /Cow Creek Limestone

Member of Pearsall FOrmation.............cccoeceeveeerveneeerenceesescenns 88 Do...coeenee
Hammett Shale/Pine Island Shale

Member of Pearsall FOrmation.............ccienmieeneecsscensens 130 Amsbury, 1974, fig. 12
Sycamore Sand..........ccviennniieiiniineninnneeeeseses e ssessssensessene 50 DeCook, 1963, table 3
SL0 FOImMation.......cccciiiimnrniieininsisneissinssssineescssssserseesessessessns 240 Imlay, 1945, table 2
HoSSton FOrmMAation...........cccieeeniericnienci e cesiese e esnenss 880 . Do...ccoverenne

STRATIGRAPHIC CONDITIONS

The geology of west-central Texas has been studied
extensively by the petroleum industry, academic insti-
tutions, and government agencies. Several correlation
charts, reflecting different interpretations by different
workers, are published for strata that compose the
Edwards-Trinity aquifer system.

The Cretaceous nomenclature of west-central Texas
was synthesized for plate 1 from several publications.
By combining the pertinent chronostratigraphic and
lithostratigraphic nomenclature with aquifer and

confining unit terminology, plate 1 summarizes the
relation between stratigraphy and ground-water
hydrology in the RASA study area (fig. 1). Because the
correlation chart was compiled from several sources,
the stratigraphic names do not necessarily conform to
current usage of the U.S. Geological Survey. The aquifer
names (except for the High Plains aquifer of Weeks and
others (1988)) were adopted from the Texas Water Plan
(Texas Water Development Board, 1990, p. 1-5 and 1-6).
The approximate maximum thicknesses of the lithos-
tratigraphic units that compose the Edwards-Trinity
aquifer system are shown in table 2.
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Hydrogeologic sections through various parts of the
study area show the vertical distribution of strata that
contain the aquifers and confining units of the
Edwards-Trinity aquifer system (pls. 2-8). The sections
primarily are based on interpretation of borehole geo-
physical (electric) logs that were purchased from the
Petroleum Information Corp. The locations of the 65
wells from which the borehole data were taken are
shown in figure 15. Most of the stratigraphic contacts
shown on the sections were interpreted from resistivity,
spontaneous potential, and natural gamma ray logs that
primarily were obtained from hydrocarbon exploration
wells. A tracing of each electric log used for control is
reproduced on the sections, and each well is described
above the appropriate tracing(s). The descriptions cite
(from top to bottom) the well operator name, lease or
well name, well number, and altitude of land surface.
The depth of the well, if known, is given below each
tracing. The stratigraphic contacts interpreted from the
electric logs are supplemented on the hydrogeologic
sections with published stratigraphic and structural
data from reports cited in the text.

ROCKS OF TRINITIAN AGE

The correlation of the Trinity strata (pl. 1) primarily
is based on descriptions by Forgotson (1956), Lozo and
Stricklin (1956, fig. 4), Brand and Deford (1958, fig. 2),
Loucks (1977, fig. 4), and Smith and Brown (1983, fig. 3).
The lateral and vertical distributions of the Trinity strata
are summarized in figures 8 and 9, respectively.

Sediments in the Trinity outcrop between the top of
Paleozoic rocks and the base of the Glen Rose Lime-
stone were originally called the Travis Peak Formation
(Taff, 1892; Hill and Vaughan, 1898; and Hill, 1901).
After finding key disconformities and an additional
shale unit within the original Travis Peak Formation,
Lozo and Stricklin (1956) raised each member of the
Travis Peak sequence to formational rank, and recom-
mended that Travis Peak nomenclature be "*** deleted
from modern stratigraphic terminology or reserved for
use by laymen." However, in recognition of usage that
continues locally, the term Travis Peak equivalent is
applied in this report to the outcrop and shallow sub-
crop of Trinity strata in the Hill Country to represent the
combined Sycamore Sand, Hammett Shale, Cow Creek
Limestone, and Hensel Sand (pl. 1).

The Pearsall Formation was defined by Imlay (1945,
p- 1,441) to include sediments above the Sligo Forma-
tion and below the Glen Rose Limestone that represent
the subsurface equivalents of what at that time (1945)
was recognized as the Travis Peak Formation of the out-
crop (Taff, 1892; Hill and Vaughan, 1898; and Hill, 1901).
The Pearsall Formation is applied in this report to the
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subcrop of Trinity strata in the Balcones fault zone
where it contains the Pine Island Shale, Cow Creek
Limestone, and Bexar Shale Members (pl. 1) and to the
south-central part of Edwards County, where the forma-
tion is not differentiated into members (fig. 8).

The Hosston Formation typically is a siliciclastic silt-
stone and sandstone lithofacies in updip areas and
a dolomitic mudstone and grainstone lithofacies in
downdip areas. The downdip dolomitic sediments
grade upward into evaporites and intertidal limestone
and dolostone of the Sligo Formation (Bebout and
others, 1981). From a shallow-marine carbonate litho-
facies in downdip areas, the Sligo Formation grades
updip, toward the Llano uplift (fig. 8), into the terrige-
nous clastic lithology of the Hosston Formation (fig. 9).
Farther updip, the Hosston Formation grades into
the Sycamore Sand (Lozo and Smith, 1964) of the
outcrop area. The Sycamore Sand is a clastic unit com-
posed predominately of quartzose sand and gravel,
with some feldspathic and dolomitic detritus (Amsbury,
1974, p. 6).

The Hammett Shale (Lozo and Stricklin, 1956) in the
Hill Country has the same stratigraphic position as the
genetically similar Pine Island Shale Member of the
Pearsall Formation (Forgotson, 1956) in the Balcones
fault zone (pl. 1); the different nomenclature reflects the
preferred usage in each area (Murray, 1961, p. 308-309).
The Pine Island Shale Member extends eastward from
the Balcones fault zone and is one of the most persistent
Lower Cretaceous rock units in east Texas. The updip
Hammett Shale typically is a burrowed mixture of clay,
terrigenous silt, carbonate mud, silt-sized dolomite, and
carbonate particles (Amsbury, 1974). The downdip Pine
Island Shale Member primarily is a gray to black
("splintery") calcareous shale interbedded with dense
gray limestone (Forgotson, 1957). The Hammett Shale
and Pine Island Shale lithostrome interfingers vertically
with the overlying Cow Creek Limestone and Cow
Creek Limestone Member.

The largely bioclastic Cow Creek Limestone (Lozo
and Stricklin, 1956) mostly is a regressive beach
sequence on the southern flank of the Llano uplift
(Stricklin and Smith, 1973). The lower part of the
Cow Creek Limestone generally is a fine- to coarse-
grained calcarenitic limestone, with large oyster frag-
ments. The middle part is a silty calcarenite, containing
carbonate concretions and fine quartz sand. The upper
part is a crossbedded beach coquina, composed prima-
rily of oyster-shell detritus, poorly sorted quartz grains,
and scattered chert pebbles. The updip Cow Creek
Limestone is overlain by the Hensel Sand, and the
downdip Cow Creek Limestone Member of the Pearsall
Formation (Forgotson, 1956) is overlain by the Bexar
Shale Member (fig. 9, H-H").
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The Bexar Shale Member of the Pearsall Formation
(Forgotson, 1956) typically is a mixture of dark mud-
stone, clay, and shale. The name is derived from Bexar
County, where the unit is particularly distinct on elec-
tric logs (Forgotson, 1957, p. 2,347). In this report, the
Bexar Shale Member applies to the gray to black calcar-
eous shale with intermixed thin, dense, finely crystal-
line beds of limestone between the Cow Creek
Limestone Member and Glen Rose Limestone through-
out the Balcones fault zone (pl. 1). The Bexar Shale
Member has been interpreted as the fine-grained,
marine equivalent of the near-shore, terrigenous litho-
facies of the Hensel Sand (Loucks, 1977, p. 106).

The Hensel Sand (Lozo and Stricklin, 1956) com-
prises a weakly cemented mixture of ferruginous clay,
quartz and calcareous sand (crossbedded in places), and
chert and dolomite pebbles, which typically form a
basal conglomerate (Inden, 1974). The clastic sediments
of this time-transgressive unit weather to a distinctive
nonuniform rusty-yellow appearance. Downdip parts
of the Hensel Sand on the western flank of the Llano
uplift (fig. 9, J-J") grade northwestward into the geneti-
cally similar basal Cretaceous sand. Updip parts of the
Hensel Sand on the southern flank of the Llano uplift
(fig. 9, H-H’) have been interpreted as the clastic, shore-
ward equivalent of the Glen Rose Limestone (Stricklin
and others, 1971).

The Glen Rose Limestone (Lozo and Stricklin, 1956)
is a sandy, fossiliferous limestone and dolostone unit,
characterized by repetitious interbeds of calcareous
marl, clay, and shale and laterally persistent stringers of
gypsum and anhydrite. The (informal) lower member
of the Glen Rose Limestone comprises mostly medium-
thick beds of limestone, dolostone, and dolomitic lime-
stone with diverse mollusk assemblages and locally dis-
tributed rudist reefs (Perkins, 1974). The (informal)
upper member of the Glen Rose predominately is a
thin- to medium-bedded sequence of nonresistant marls
alternating with resistant beds of dolostone, mudstone,
and bioclastic limestone (Stricklin and others, 1971).
Reef structures mostly occur in the southeastern part of
the Hill Country within uppermost intervals of the
lower member (Perkins, 1974, p. 131-171). Characteris-
tically, the upper member contains no evidence of reef
formation and one or more evaporite stringers.
The alternating lithology of the different interbeds
within middle and upper parts of the Glen Rose Lime-
stone imparts an uneven resistance to erosion, which
renders a stairlike topographic profile to much of the
Hill Country.

The calcareous, shallow-marine lithology of the Glen
Rose Limestone grades northward into a quartzose
clastic, terrestrial lithology of the Hensel Sand in the

eastern part of the study area and the basal Cretaceous .
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sand in the western part (fig. 8). The location of this
carbonate-to-clastic facies transition, known as the Glen
Rose pinchout, is approximated in figure 8 by the zig-
zag pattern between northern Blanco and southern
Pecos Counties. In the southern parts of the Edwards
Plateau and Trans-Pecos, the Glen Rose Limestone gen-
erally is overlain by the Maxon Sand.

The Maxon Sand (King, 1980, p. 21) predominately is
a brownish, well indurated, coarse- to medium-grained,
crossbedded sandstone, with lesser amounts of con-
glomerate, mudstone, and limestone (Butterworth,
1970, p. 4). The sandstone mainly is composed of quartz
with minor amounts of feldspar and heavy minerals
eroded from Permian and Triassic rocks northwest of
the study area. The constituents generally are consoli-
dated with calcite, hematite, and kaolinite cements. The
Maxon Sand forms conspicuous ledges atop the Glen
Rose Limestone where these units crop out along
escarpments east of the Marathon uplift in northeastern
Brewster and southern Pecos Counties (fig. 8). From
Terrell County eastward, the Maxon Sand mostly is bur-
ied beneath the Fort Terrett Formation.

The (informal) basal Cretaceous sand (Smith and
Brown, 1983) is the sole Trinity rock unit in the northern
part of the study area (fig. 8, pl. 1). The basal Cretaceous
sand underlies the updip wedge of Glen Rose Lime-
stone in southwestern parts of the study area, where the
sand is stratigraphically equivalent to the Hosston For-
mation, Hammett Shale, Cow Creek Limestone, and
Hensel Sand (fig. 9, J-J°). North of the updip limit of the
Glen Rose Limestone, the basal Cretaceous sand under-
lies either the Finlay or Fort Terrett Formations of Fred-
ericksburgian age and includes sediments equivalent to
the Maxon Sand. The basal Cretaceous sand of this
report includes the "basement sands,” "Trinity sand,”
and "basal Cretaceous sandstone" of previous reports,
and it incorporates the Yearwood Formation and Cox
Sandstone of Brand and Deford (1958).

The basal Cretaceous sand generally is observed
as varying mixtures of sandstone, siltstone, and con-
glomerate. The major constituents are well-rounded
fragments of quartz, chert, and feldspar derived from
Permian and Triassic red beds. Calcite is the dominant
cement, but dolomite, ankerite, silica, kaolinite, and
hematite are prevalent locally (Romanak, 1988, p. 27).
This diverse, areally extensive deposit generally is
unfossiliferous and varies both vertically and laterally
in color, texture, composition, and degree of cementa-
tion. The lower part of the unit generally is coarse
grained; a fine- to medium-grained sandstone replaces
a basal conglomerate in places. A finer grained, varie-
gated middle section is crossbedded in places and indu-
rated locally with calcareous cement. Upper parts of the
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unit might include small amounts of limestone and
thin, calcareous shale interbeds.

ROCKS OF FREDERICKSBURGIAN AND WASHITAN AGES

The correlation of the Fredericksburg and Washita
strata (pl. 1) primarily is based on descriptions by
Brand and Deford (1958), Lozo and Smith (1964), Rose
(1972), and Smith and Brown (1983). The correlation
chart relates (1) the Edwards Group of Rose (1972) in
the northeastern part of the Balcones fault zone and
eastern part of the Edwards Plateau; (2) the Devils
River, West Nueces, McKnight, and Salmon Peak For-
mations of Lozo and Smith (1964) in the southwestern
part of the Balcones fault zone and south-central part of
the Edwards Plateau; (3) the Finlay and Boracho Forma-
tions of Brand and Deford (1958) in the northwestern
part of the Trans-Pecos and western part of the Edwards
Plateau; and (4) the Fort Terrett and Fort Lancaster For-
mations of Smith and Brown (1983) in the southeastern
part of the Trans-Pecos and north-central part of the
Edwards Plateau. The lateral and vertical distributions
of the Fredericksburg and lower Washita strata are sum-
marized in figures 11 and 12, respectively.

The Edwards Group of Rose (1972) includes all of the
Fredericksburg strata and the lower part of the Washita
strata in the northeastern part of the Balcones fault zone
and in the eastern part of the Edwards Plateau. In the
northeastern part of the Balcones fault zone, the
Edwards Group consists of the Kainer and Person For-
mations. In the eastern part of the Edwards Plateau, the
Edwards Group consists of the Fort Terrett and Segovia
Formations.

Across the western part of the Balcones fault zone,
the southwestern part of the Hill Country, and the
southern part of the Edwards Plateau, the Kainer,
Person, Fort Terrett, Segovia, and Fort Lancaster rock
sequences lose their identities against the Devils River
trend, a narrow, semioval carbonate bank (figs. 11, 12,
L-L’). The Devils River trend (fig. 6) bounds the north-
ern part of the Maverick basin (Winter, 1962), which
also is bound by the Stuart City reef trend on the south
and by the San Marcos arch on the east. The Devils
River trend, represented stratigraphically by the Devils
River Formation (Miller, 1984), is a composite of dolo-
stone, fossiliferous limestone, and reef debris (Lozo and
Smith, 1964, p. 290-296). The lower part of the Devils
River Formation is stratigraphically continuous with
the lower, dolomitic part of the Fort Terrett Formation.
However, because the Devils River Formation is rela-
tively homogeneous from top to bottom, it is impracti-
cal to subdivide this formation, except to recognize the
informal lower (dolomitic) and upper (limestone) parts.
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The Fredericksburg and lower Washita rock units
of the Maverick basin (Lozo and Smith, 1964) are the
West Nueces, McKnight, and Salmon Peak Formations.
The West Nueces Formation is a transgressive litho-
facies that closely resembles the nodular shell-fragment
limestone at the base of the Fort Terrett Formation and
in lower parts of the Devils River Formation (Smith,
1979, p. 15). According to Maclay and Small (1983,
p- 132), the McKnight Formation predominately is a
euxinic deposit that "*** grades upward from thin-
bedded carbonate mudstones to petroliferous shales
and evaporites and terminates in a layer of pelleted
grainstones." The Salmon Peak Formation (Humphreys,
1984) predominately is a dense, thick-bedded, deep-
water mudstone that grades upward to a crossbedded,
rudist-shell grainstone (Smith, 1979, p. 16).

Smith and Brown (1983) extended the Fort Terrett
Formation (Rose, 1972) to include Fredericksburg strata
in the central and western parts of the Edwards Plateau
and in most of eastern Pecos and Terrell Counties of the
Trans-Pecos (fig. 11). The Fort Terrett Formation shows
strong lateral continuity, featuring a basal transgressive
unit overlain by a distinctive burrowed zone, in turn
overlain by thin- to medium-bedded bioclastic lime-
stone and dolomitic strata. Although the effects of dolo-
mitization and neomorphic alteration within the
formation are prevalent in the eastern part of the
Edwards Plateau (Rose, 1972, p. 29-46), they are much
less common in the western part. Interbedded gypsum
of the "Kirschberg evaporite zone," or a collapse breccia
resulting from dissolution of the gypsum, is most com-
mon in the northeastern part of the Edwards Plateau.

The Fort Terrett Formation grades into the Finlay
Formation (Brand and Deford, 1958) near the western
limits of the study area, where the Finlay Formation
unconformably overlies the basal Cretaceous sand of
Trinitian age (figs. 11, 12, K-K"). The Finlay Formation
is composed mostly of gray, massive to thick-bedded,
cherty and marly limestone, with interbeds of gray to
brown quartz sandstone and shale near the base and
thin- to thick-bedded fossiliferous limestone near the
top (Reaser and Malott, 1985). The Fort Terrett
Formation grades southward through the Big Bend area
of Texas (fig.3) into the Telephone Canyon and Del
Carmen Formations (figs. 11, 12, M-M") of northern
Mexico (Smith, 1970).

The Boracho Formation unconformably overlies the
Finlay Formation and includes all of the Fredericksburg
and Washita strata between the Finlay Formation and
the Del Rio Clay, or the Buda Limestone where the Del
Rio Clay is absent. The Boracho Formation (Brand and
Deford, 1958) characteristically is limestone and marl,
with a dominantly marly lower part. The upper part
mostly is composed of massive, argillaceous limestone
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that typically forms a steep slope below a caprock of
Buda Limestone.

The Fort Lancaster Formation (Smith and Brown,
1983), composed of uppermost Fredericksburg and low-
ermost Washita strata in the north-central part of the
Edwards Plateau and eastern part of the Trans-Pecos,
is equivalent to the Segovia Formation on the east and
the Boracho Formation on the west (figs. 11, 12, K-K’).
The Fort Lancaster Formation was deposited mostly in
open shallow-marine to open-shelf environments (Scott
and Kidson, 1977, p. 174) on the southwestern flank of
the central Texas platform in water that deepened
toward the Fort Stockton basin (figs. 6, 10). Relatively
thick-bedded, rudist-bearing limestone helps distin-
guish eastern parts of the Fort Lancaster Formation
from the generally thinner-bedded dolostone and dolo-
mitic limestone of the Segovia Formation that formed
concurrently in intertidal and restricted shallow-marine
environments atop the central Texas platform. The Fort
Lancaster Formation thickens toward the west and
south and shows a decreasing density of rudists and of
miliolid and shell-fragment grainstones toward the
west and north, with an increasing incidence of ammo-
nites, pelecypods, and marly sediments (C.I. Smith,
University of Texas at Arlington, oral commun., 1989).
The Fort Lancaster Formation grades southward
through the Big Bend area of Texas into the Sue Peaks
and Santa Elena Formations (figs. 11, 12, M-M") of
northern Mexico (Smith, 1970).

The marly, nodular limestone that composes basal
parts of the Fort Lancaster and Sue Peaks Formations
erodes to a distinctive, grass-covered slope over much
of the Edwards Plateau and Trans-Pecos (Smith and
Brown, 1983, p. 19). The outcrop characteristics of this
ammonite-bearing horizon have helped geologists map
the Fredericksburgian-Washitan boundary in the field
for more than 100 years.

The Del Rio Clay on the San Marcos arch consists of
bluish-gray, calcareous clay and gypsiferous silt and
shale, with abundant marine megafossils and pyrite
(University of Texas, Bureau of Economic Geology,
1983). In the eastern part of the Edwards Plateau, the
Del Rio Clay typically is a yellowish-brown, poorly
indurated calcareous clay that in places contains thin
reddish-brown silty streaks and coquinoid lenses of
small oysters (Rose, 1972, p. 43). In the Trans-Pecos
and western part of the Edwards Plateau, the unit is fos-
siliferous locally—containing some ammonites—and
mostly consists of interbedded, thin, calcareous and sili-
ceous flagstones and marly limestone (Adkins, 1933,
p. 388-396). The Del Rio Clay almost everywhere con-
tains pyrite that typically weathers to limonite and
characteristically renders a rusty-yellow outcrop. From
a maximum thickness of about 170 ft near the town of
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Del Rio (fig. 11), the formation thins in all direc-
tions—but most sharply toward the north, where it
occurs mainly as scattered, thin remnants atop the
Edwards Plateau.

The Buda Limestone on the San Marcos arch is a light
gray, porcellaneous limestone with pelagic foramin-
ifera, fragile mollusk fragments, and microspherulites
(Rose, 1972, p. 27). In the eastern part of the Edwards
Plateau, this open-shelf limestone consists of nodular
micrite, mollusk-fragment biomicrite, and marly inter-
beds (Rose, 1972, p. 43). In the Trans-Pecos and western
part of the Edwards Plateau—where the unit typically
is exposed as a light gray to white caprock on mesas
that characterize the recently uplifted landscape—the
Buda Limestone is slightly argillaceous, locally cross-
bedded, and extremely hard (Brand and Deford, 1958,
p. 385). Whereas fractured surfaces of Buda Limestone
generally are hackly or conchoidal, weathered surfaces
typically cast a nodular appearance.

ROCKS OF EAGLEFORDIAN THROUGH NAVARROAN AGES

The Del Rio Clay and Buda Limestone of Washitan
age (Comanchean Series) are overlain in the Balcones
fault zone by Eagle Ford, Austin, Taylor, and Navarro
sediments of the Gulfian Series (pl. 1). The Eagle Ford-
Navarro rock sequence is thickest in the Balcones fault
zone where it forms the bulk of the Navarro-Del Rio
confining unit. Collectively, the contributing units range
from more than 1,200 to nearly 2,000 ft thick (table 2).
The Eagle Ford, Austin, Taylor, and Navarro Groups
consist primarily of interbedded shale, siltstone, lime-
stone, chalk, and marl (University of Texas, Bureau of
Economic Geology, 1974a; 1983).

EDWARDS-TRINITY AQUIFER SYSTEM

The Cretaceous strata of the study area thicken from
less than 1,000 ft thick in the area of outcrop and shal-
low subcrop (fig. 4) to more than 10,000 ft thick near the
ancestral shelf edge (McFarlan, 1977, p. 5). The
Edwards-Trinity aquifer system is within the updip,
western part of this sediment wedge. Terrigenous clas-
tic and terrestrial deposits of early Trinitian age grade
upward into supratidal and intertidal evaporitic and
dolomitic rocks and shallow-marine, lagoonal, and basi-
nal carbonate strata of late Trinitian, Fredericksburgian,
and Washitan age. A thick, downfaulted remnant of
mostly open-shelf sediments of Eaglefordian through
Navarroan age confines a small, southeastern part of
the aquifer system. The relation between the strati-
graphic and hydrogeologic units that compose the
Edwards-Trinity aquifer system is summarized on
plate 1.
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needs of more than 1 million people. The economies of
Medina and Uvalde Counties, west of San Antonio, pri-
marily are based on farming and ranching activities,
much of which depends on water pumped from the
Edwards aquifer. Northeast of San Antonio, the
Edwards aquifer discharges through Comal and San
Marcos Springs (fig. 3), whose flows are important to
the success of recreational economies, the survival of
several threatened or endangered plant and animal spe-
cies, and the maintenance of downstream fish and wild-
life habitats and water supplies. Droughts and the
resulting less-than-normal recharge rates and (or)
greater-than-normal withdrawal rates periodically
cause water-level declines and springflow reductions.
The demands for water are expected to continue
increasing throughout the central Texas area to sustain
agricultural, industrial, and municipal activities and to
ensure the survival of threatened and endangered spe-
cies. Water managers and planners as well as the
affected citizens understandably are concerned about
the future of the Edwards aquifer and the unique
ground-water resource it represents.

Ground-water conditions in the Edwards aquifer
have evolved from tectonic and diagenetic events
superimposed upon depositional products of the San
Marcos arch (Rose, 1972), Devils River trend (Lozo and
Smith, 1964), and Maverick basin (Winter, 1962). The
part of the Edwards aquifer that formed on the San
Marcos arch and in the Devils River trend extends from
the Colorado River through eastern Uvalde County
(fig. 2). The part of the Edwards aquifer that formed in
the Maverick basin extends from central Uvalde County
through central Kinney County. This section of the
report discusses ground-water conditions in the
Edwards aquifer east of central Uvalde County in rocks
(fig. 11) that formed on the San Marcos arch (the
Georgetown, Person, and Kainer Formations) and in the
Devils River trend (the Devils River Formation).
Ground-water conditions in equivalent rocks that
formed in the Maverick basin (the Salmon Peak,
McKnight, and West Nueces Formations) are discussed
under "Edwards Plateau,” because the hydraulic condi-
tions in western Uvalde and eastern Kinney Counties
(at the westernmost end of the Balcones fault zone) are
most like those in the Edwards-Trinity aquifer in the
southern part of the Edwards Plateau.

The Edwards aquifer is hydraulically unconfined in
the outcrop area of the Edwards Group (Rose, 1972,
pl.2) and in the outcrop areas of the Devils River,
Salmon Peak, McKnight, and West Nueces Formations
across parts of Kinney, Medina, and Uvalde Counties
(fig. 2). The Edwards aquifer is confined in the downdip
area beneath the Navarro-Del Rio confining unit.
The confined part of the aquifer is bound on its down-
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dip (gulfward) margin by a freshwater/saline-water
transition zone of brackish water. The concentrations of
dissolved solids downdip of the transition zone exceed
1,000 mg/L (Maclay and others,1980, p. 13) and rapidly
increase in a gulfward direction to more than 250,000
mg/L (Maclay and Land, 1988, p. A12) near the Stuart
City reef trend (fig. 6). The concentration of dissolved
solids in the Edwards aquifer updip of the transition
zone ranges from about 250 to 300 mg/L (Pavlicek and
others, 1987, p. 3).

Diagenetic differences between rocks of the saline-
water zone and those of the Edwards aquifer were
attributed by Ellis (1986, p. 101) to the effects of vastly
different pore-water chemistries since the Miocene
Epoch, when the majority of the normal (down-to-the-
southeast) faulting in the Balcones fault zone is believed
to have taken place. Although the saline-water zone is
saturated with respect to calcite, dolomite, gypsum,
celestite, strontianite, and fluorite, water in the Edwards
aquifer is saturated only with respect to calcite (Pearson
and Rettman, 1976, p. 19). The rocks of the highly
permeable Edwards aquifer mostly are calcitic, dedolo-
mitized, and neomorphically altered to coarse
microspar and pseudospar. The comparatively imper-
meable rocks of the saline-water zone mostly are
dolomitic and contain unoxidized organic material,
including petroleum, and accessory minerals such
as pyrite, gypsum, and celestite (Maclay and Small,
1986, p. 28). The negligible hydraulic conductivity of
these rocks is sustained by a scarcity of permeability-
enhancing features (such as open fractures) to intercon-
nect the generally minor interparticle and intercrystal-
line porosity that is characteristic of the saline-water
zone (Kozik and Richter, 1979, p. 26).

As a result of the Balcones faulting and associated
fracturing, large volumes of freshwater began to infil-
trate strata within the fault zone that previously had
been isolated from meteoric conditions. The Edwards
aquifer subsequently resulted from joint cavities and
solution channels (some cavernous in extent) that
evolved as fractures and bedding planes widened
through dissolution (Abbott, 1975). Additionally, the
preferential dissolution of evaporites and other soluble
minerals, fossil parts, and burrow filling has rendered a
honeycombed or vuggy porosity to much of the aquifer
(Hovorka and others, 1995).

Ground-water flow in the Edwards aquifer largely is
controlled by an anisotropic pattern of hydraulic con-
ductivity. The anisotropy originates from the effects of
barrier faults, which displaced the strata vertically so
that permeable rock is juxtaposed opposite imperme-
able strata (pl. 3), thus blocking or impeding ground-
water flow in directions normal to the faults. The
increases in hydraulic conductivity that resulted from
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post-fault dissolution were greatest along joint cavities
and solution channels aligned with the fault zone. The
resultant vectors of transmissivity therefore trend
approximately N. 40° to 70° E. (Collins, 1995). Because
the faults are most abundant across northern Medina,
central Bexar, southern Comal, southern Hays, and cen-
tral Travis Counties (Baker and others, 1986, fig. 2;
Maclay and Small, 1986, fig. 3), the strongest anisotropy
exists east of Uvalde County. The anisotropy is so domi-
nant in the subcrop of the Edwards aquifer in Bexar
County (Arnow, 1963, p. 29-31) that most ground-water
flow appears to nearly parallel the equipotential lines
on regional potentiometric maps of the San Antonio
area (Maclay and Small, 1986, fig. 23).

From upgradient parts of the outcropping recharge
area, ground water generally flows downdip in a south-
erly direction. The barrier faults typically block the
southeastward flow of ground water and divert
it northeastward, along flowpaths aligned with the
fault zone (Arnow, 1963, p. 29-31). In some places, a
secondary network of transverse faults obstructs the
major northeast-trending flowpaths, imposing internal
boundaries that further divert or compartmentalize the
flow system (Maclay and Small, 1983, p. 135-145). As a
result, local patterns of ground-water flow can be
extremely complex, making predictions about future
responses to prolonged drought or additional pumping
difficult to determine (G.E. Groschen, U.S. Geological
Survey, written commun., 1994).

The Edwards aquifer primarily is recharged by the
(1) seepage from streams draining the Hill Country,
where the streams flow onto permeable outcrop areas of
the Edwards Group and Devils River Formation
(Puente, 1978); (2) infiltration of precipitation in the out-
crop areas; (3) subsurface inflow across the updip mar-
gin of the Balcones fault zone where the Trinity aquifer
is laterally adjacent to downfaulted Edwards strata
(Veni, 1994); and (4) diffuse upward leakage from the
underlying Trinity aquifer. Recharge rates vary consid-
erably with time, depending upon antecedent condi-
tions and the frequency and intensity of precipitation.
Although the actual rates of recharge cannot be mea-
sured, estimates of recharge routinely are made for
water-management purposes.

The estimates of recharge to the Edwards aquifer
from sources (1) and (2) above range from about 44,000
acre-ft during 1956 to about 2,500,000 acre-ft during
1992, and total recharge from these sources has aver-
aged about 680,000 acre-ft/yr since the mid-1930’s
(Bader and others, 1993, table 4.1). The amount of water
entering laterally from the Hill Country is unknown;
however, a preliminary estimate (assuming an average
hydraulic gradient of 20 ft/mi and an average transmis-
sivity of 5,000 ft?/d) indicates that this inflow probably
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exceeds 100,000 acre-ft/yr. The rates of diffuse upward
leakage also are unknown; however, the preliminary
results of computer simulation (Kuniansky and
Holligan, 1994) indicate a long-term average rate of
about 10,000 acre-ft/yr.

Most ground-water discharge takes place as
(1) springflow, (2) withdrawals by industrial-,
irrigation-, and public-supply wells, (3) diffuse upward
leakage to Upper Cretaceous strata, and (4) leakage to
the Colorado River. Springflow has averaged about
400,000 acre-ft/yr since the mid-1930’s (Slade and
others, 1986, p. 69; Bader and others, 1993, table 5.1).
After steadily increasing from about 100,000 acre-ft/yr
during the 1930’s to an average 470,000 acre-ft/yr dur-
ing the 1980’s, ground-water withdrawals recently have
tapered to an average 420,000 acre-ft/yr during 1990-93
(Bader and others, 1993; Bill Couch, Barton Springs-
Edwards Aquifer Conservation District, oral commun.,
1993). The rates of leakage from the aquifer to the
Upper Cretaceous strata and to the Colorado River are
unknown; however, they undoubtedly are considerably
smaller than the rates of springflow and pumpage.

Most of the ground water for public-supply use is
withdrawn near San Antonio, where water levels in a
key U.S. Geological Survey observation well (AY-68-
37-203, fig. 16) have varied between a low of 612.5 ft
above sea level in 1956 to a high of 703.3 ft above sea
level in 1992 (Bader and others, 1993, table 2.1).
Although droughts and floods have caused substantial
short-term fluctuations in ground-water levels, long-
term hydrographs indicate no net decline (or rise) of
water levels in the San Antonio area over the last 80
years (R.W. Maclay, U.S. Geological Survey, written
commun., 1990).

TRINITY AQUIFER

The Trinity aquifer (Texas Water Development Board,
1990, fig. 1-1), which consists entirely of Trinity strata,
dominates the ground-water hydrology of the Hill
Country (5,300 mi?). As a result of the Balcones faulting
and subsequent erosion, most Fredericksburg strata and
practically all Washita strata have been removed from
the Hill Country. However, a few domestic- and stock-
supply wells in interstream areas of northwestern
Bandera, northern Kendall, and eastern Kerr Counties
are completed in the Fort Terrett Formation. Likewise,
the Devils River Formation could contribute to the
water supply in small parts of southern Real and north-
ern Uvalde Counties.

The Trinity aquifer includes three relatively perme-
able zones that are separated vertically by two
relatively impermeable intervals. The upper Trinity per-
meable zone comprises the upper member of the Glen
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The Fort Terrett Formation provides most of
the ground water used on the Edwards Plateau. The
"burrowed zone" (pl. 1), near the base of this formation,
might be the most permeable part of the Edwards
Group outside the intensively fractured Balcones fault
zone. The permeable nature of the burrowed zone
results from the preferential leaching of burrow fillings,
leaving a honeycombed pattern of porosity in the
remaining rock (Rose, 1972, p. 34). The overlying
"Kirschberg evaporite zone" (pl. 1) also is highly perme-
able where it is brecciated as a result of post-
depositional leaching and structural collapse. Although
the zones of Kirschberg breccia west of the Balcones
fault zone mostly are unsaturated, the breccia enhances
recharge in eastern parts of the Edwards Plateau by per-
mitting comparatively large amounts of precipitation to
infiltrate the subsurface.

With the exception of a few areas with shallow allu-
vial aquifers, the basal Cretaceous sand of Trinitian age
is the most important water-producing unit in Ector,
Glasscock, Midland, Sterling, and Upton Counties and
along the Pecos River valley in Crockett County (fig. 8).
The basal Cretaceous sand might supply nearly as
much ground water as that pumped from Fredericks-
burg rocks in southern Irion, southeastern Reagan, and
southern Tom Green Counties. Few water wells are
deep enough to penetrate the basal Cretaceous sand
over most of Crockett, Edwards, Schleicher, Sutton, and
Val Verde Counties.

The Trinity units most likely to contain potable
ground water in southern parts of the Edwards Plateau
(northwestern Bandera, eastern Edwards, western Kerr,
and northern Real Counties) are the lower member of
the Glen Rose Limestone, the Hensel Sand, and the Cow
Creek Limestone. The hydraulic characteristics of the
much deeper Pearsall (undivided), Sligo, and Hosston
Formations mostly are unknown. However, these lower
Trinity units generally are more than 750 ft below land
surface in this area. Because freshwater recharge to
such depths is minimal in southern parts of the
Edwards Plateau, water in the Pearsall, Sligo, and
Hosston Formations probably contains dissolved con-
stituents in concentrations (Walker, 1979, p. 93-95) that
exceed the local standards for drinking water (Texas
Department of Health, 1977).

The Hammett Shale, which is continuous and
hydraulically tight over most of the Hill Country
(fig. 3), grades northwestward across Edwards County
into the comparatively permeable basal Cretaceous
sand (figs. 8, 9, J-J"). Accordingly, the effectiveness of
the Hammett confining unit diminishes west of the Hill
Country, as the shale grades into sand. The Trinity
strata are connected hydraulically to the overlying
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Fredericksburg strata, therefore, over most of the
Edwards Plateau.

Water-producing zones in the Edwards Plateau
mostly are confined or semi-confined, except in the
shallowest zones and near the outer margins of
Fredericksburg strata where the underlying Trinity
sediments crop out. No confining unit is extensive
enough to be mapped west and north of the western
and northern limits of the Hammett confining unit
(fig. 2). However, the effects of many discontinuous
low-permeability beds accumulate with increasing
depth below land surface to confine some deeper parts
of the Edwards-Trinity aquifer. Unconfined conditions
dominate where gaining streams are incised into sandy
Trinity sediments along the Concho, Guadalupe, Llano,
Pecos, Pedernales, and San Saba Rivers (fig. 3).
From generally unconfined or semi-confined conditions
in the west, the Edwards-Trinity aquifer becomes pro-
gressively more confined toward the southeast in
response to an increasing thickness of overlying low-
permeability beds, in that direction. Observations of
diurnal changes in barometric pressure, water levels
that rise above the top of water-producing zones, and
entrapped hydrogen sulfide gas prompted Walker
(1979, p. 49) to suggest that "*** water-table conditions
may not be as prevalent as previously reported.” Previ-
ous reports of unconfined conditions were based on
observations from older, relatively shallow wells in the
Edwards Plateau.

The Edwards-Trinity aquifer merges hydraulically
with locally permeable Paleozoic strata around the
western and southern flanks of the Llano uplift
in Gillespie, Mason, and McCulloch Counties (fig. 2).
In this area, deeply eroded Paleozoic and Precambrian
rocks (fig. 7) form a subtle topographic basin (fig. 5),
where a shallow ground-water regime has developed
along fractures and joint cavities. Water from the
northeastern fringe of the Edwards-Trinity aquifer
merges with the shallow flow regime of the Marble
Falls, Ellenburger-San Saba, and Hickory aquifers
(Barker and Ardis, 1992) before discharging into the
Colorado River and northeastward-flowing tributaries
that drain the Llano area (figs. 2, 3).

The Edwards-Trinity aquifer overlies the Dockum
Group of Triassic age in large parts of Crockett, Ector,
Irion, Reagan, and Sterling Counties. Where middle
parts of the Dockum Group are composed of sandy sed-
iments that contain freshwater (Barker and Ardis, 1992),
they comprise the Dockum aquifer (Texas Water Devel-
opment Board, 1990, p. 1-6). Where upper, less perme-
able parts of the Dockum Group are absent, the
Dockum aquifer merges in places with the basal Creta-
ceous sand of the Edwards-Trinity aquifer (fig. 2, pl. 4).
In such places, the depth of ground-water circulation
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might increase a few hundred feet to the lower part of
the Dockum Group—or to the top of Permian red beds,
where the lower Dockum unit is absent. Water from the
Dockum aquifer varies considerably in quantity and
quality. However, well yields characteristically are less
than a few hundred gallons per minute, and the water
typically contains sodium, sulfate, chloride, and fluo-
ride in concentrations (Ashworth and Christian, 1989)
that exceed the local standards for drinking water
(Texas Department of Health, 1977).

The Edwards-Trinity aquifer pinches out below the
Ogallala Formation of Tertiary age along the northwest-
ern edge of the Edwards Plateau (pl. 3) in Andrews,
Glasscock, Howard, and Martin Counties (fig. 2).
Coarse sand and gravel of the Ogallala Formation,
which forms the High Plains aquifer (Gutentag
and others, 1984, p. 8-13) in northwest Texas, fill ero-
sional channels atop the basal Cretaceous sand in the
northwestern part of the study area. Water discharging
in a southeasterly direction from the southern tip of the
High Plains aquifer recharges the northwestern fringe
of the Edwards-Trinity aquifer.

From the northwestern part of the Edwards Plateau,
water in the Edwards-Trinity aquifer generally flows
southeastward along hydraulic gradients that average
about 10 ft/mi. Local exceptions to the regional ground-
water-flow pattern result from topographic and drain-
age variations and depressions in the potentiometric
surface caused by pumping wells. The maximum
hydraulic head in the Edwards-Trinity aquifer is in
northwestern Ector County at about 3,100 ft above sea
level, and the minimum hydraulic head, in southern Val
Verde County, is about 2,000 ft above sea level (Bush
and others, 1993). In the southwestern part of the
Edwards Plateau, ground water discharges to the Pecos
River and Rio Grande. In the northeast, ground water
discharges to the Colorado River and its tributaries. In
the southeast, ground water discharges to headwater
reaches of the Frio, Guadalupe, Medina, and Nueces
Rivers (fig. 3) and as lateral subsurface inflow to the
Hill Country.

Most recharge to the Edwards-Trinity aquifer results
from the infiltration of precipitation from land surface
and from seepage losses through streambeds of inter-
mittent streams. Discharge from the aquifer mainly
occurs through (1) springs in the stream-dissected
northeastern and southeastern fringes of the Edwards
Plateau; (2) base flow to gaining reaches of the Concho,
Llano, and Pecos Rivers; and (3) wells pumped for
domestic, irrigation, and stock water. Recharge and dis-
charge each average less than 1 in/yr over the Plateau,
increasing from less than 0.5 in/yr in the western part
to more than 0.5 in/yr in the extreme eastern part of the
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area (E.L. Kuniansky, U.S. Geological Survey, written
commun., 1990).

Lurry and Pavlicek (1991) reported that during 1975~
76 about 80 percent (100,000 acre-ft) of the average
annual pumpage from the Edwards-Trinity aquifer in
the Edwards Plateau (nearly 130,000 acre-ft/yr) was
used for irrigation, stock, and rural domestic activities.
Walker (1979, p. 76) estimated that about 72 percent of
the total pumpage during 1972 was for irrigation. Irri-
gation pumpage from Glasscock and Midland Counties
alone accounted for more than one-third of all pumpage
during the mid-1970’s (Lurry and Pavlicek, 1991). Since
the mid-1970’s, annual withdrawals from the Edwards-
Trinity aquifer have fluctuated between about 85,000
acre-ft (during 1985) and about 128,000 acre-ft (1990)
(D.L. Lurry, U.S. Geological Survey, written commun.,
1992).

Ground-water levels in the Edwards Plateau mostly
vary in response to short-term fluctuations in recharge
and long-term variations in discharge. Most of the fluc-
tuation in recharge results from cyclic patterns in pre-
cipitation, and most of the variation in discharge results
from pumpage trends. Water levels have declined
where and when the rates of recharge and natural dis-
charge (evapotranspiration, springflow, and base flow)
have not compensated for increasing rates of ground-
water withdrawal.

During the last 50 years, water levels have declined
more than 50 ft in northwestern parts of the Edwards
Plateau, including parts of Ector, Glasscock, Midland,
Reagan, Sterling, and Schleicher Counties (Walker, 1979,
p- 96-100). Data from an observation well in Reagan
County indicate more than 100 ft of decline since 1950
(Bush and others, 1993). The nearly continuous, long-
term nature of water-level decline in many wells reflects
a direct relation to a rapid increase in the number of irri-
gation wells that began about 1946 and continued
through the 1960’s.

Since the late 1970’s, water levels in most parts of
the Edwards Plateau have stabilized or begun to
recover, reflecting the results of recent efforts to reduce
the need for irrigation and to conserve water (J.B.
Ashworth, Texas Department of Water Resources, writ-
ten commun., 1991). Water-level hydrographs for cen-
tral parts of the Edwards Plateau reflect a cyclic relation
between recharge and precipitation: (1) declining water
levels during most of the 1960’s, when precipitation
was below normal; (2) rising water levels during most
of the 1970’s, when precipitation was above normal;
and (3) declining water levels during most of the 1980’s,
when precipitation was below normal. Many of the
highest recorded water levels during the past 30 years
in Crockett, Edwards, Kimble, Schleicher, and Sutton
Counties occurred during the middle-to-late 1970s.
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Transmissivity is relatively small in the Edwards Pla-
teau, where it averages about 100 to 1,000 times less
than that in the Balcones fault zone. Estimates of trans-
missivity from aquifer-test and specific-capacity data
indicate that it probably is less than 5,000 ft>/d over
most of the Edwards Plateau (Walker, 1979, p. 72-75).
Exceptions are in the southern part of the Edwards Pla-
teau where Trinity rocks thicken southward into the Rio
Grande Embayment (fig. 6) and wells completed in
the relatively permeable Devils River Formation yield
up to 500 gal/min. Results of a ground-water-flow
model indicate that transmissivity probably averages
about 10,000 ft2/d over parts of Edwards, Terrell, and
Val Verde Counties where the Cretaceous sediments are
thickest (Kuniansky and Holligan, 1994).

Trans-Pecos

The Edwards-Trinity aquifer in the Trans-Pecos
(fig. 3) includes all the Fredericksburg and Trinity strata
plus all Washita rocks below the Del Rio Clay or the
Buda Limestone (where the Del Rio Clay is absent). The
hydrogeologic framework of Pecos, Reeves, and Terrell
Counties is complicated structurally. The structural
complexity results from the collapse of salt-laden
Permian rocks that underlie much of the area and
crustal deformation south and west of the area during
Cenozoic time (Henry and Price, 1985). Less is under-
stood about the Edwards-Trinity aquifer in the Trans-
Pecos than perhaps any other part of the Edwards-
Trinity aquifer system.

The Edwards-Trinity aquifer does not dominate the
ground-water-flow system in the Trans-Pecos as it does
in the Edwards Plateau. On average, the Edwards-
Trinity aquifer is less permeable than the contiguous,
hydraulically connected Cenozoic Pecos alluvium aqui-
fer (fig. 2). The average hydraulic conductivity of the
Edwards-Trinity aquifer probably is no greater than
that of the most permeable part of the underlying
Dockum aquifer. Therefore, the combined influence of
all of the interconnected permeable rocks should be
considered when conceptualizing the regional flow sys-
tem in the Trans-Pecos.

The hydraulic conditions of the Washita and Freder-
icksburg rocks in the Trans-Pecos largely are unpredict-
able because the available hydrogeologic data are
sparse and inconclusive. Most of the Washita strata and
much of the Fredericksburg strata in Pecos and Terrell
Counties are unreliable sources of ground water
because they are relatively impermeable or lie above
the regional ground-water-flow system. The hydraulic
characteristics of the Washita and Fredericksburg strata
in Reeves County have not been differentiated from
those of the underlying Trinity rocks (Ogilbee and
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others, 1962). Where the Washita and Fredericksburg
strata are saturated in eastern Pecos and Terrell
Counties, they provide small amounts of water to stock-
supply wells. Southwest of Fort Stockton in west-
central Pecos County, limestone of the Finlay Formation
contains a fault-controlled network of interconnected
solution channels that has yielded up to 2,500 gal/min
to irrigation-supply wells (Armstrong and McMillion,
1961, p.59). In areas where solution channels have
not developed, the equivalent strata yield considerably
less water (100 to 500 gal/min) to individual wells.
The discharge from many wells and most springs in
southwestern Pecos County has decreased over the
years because ground-water withdrawals have lowered
water levels below solution channels that comprise the
zones of greatest hydraulic conductivity.

Trinity strata in the Trans-Pecos include the basal
Cretaceous sand and, in southern parts of Pecos and
Terrell Counties, the Glen Rose Limestone and Maxon
Sand (fig. 8). The Trinity Group generally is less than
500 ft thick in the Trans-Pecos, where much of it is
unsaturated or marginally permeable. The availability
of ground water from the Trinity Group largely remains
untested in Terrell County, and the Maxon Sand and
upper few hundred feet of Glen Rose Limestone gener-
ally are not saturated in Brewster County. Neither the
Glen Rose Limestone nor the Maxon Sand is present in
Reeves County, and the hydrologic aspects of the basal
Cretaceous sand have not been distinguished from that
of other Cretaceous strata in this area (Ogilbee and
others, 1962, p. 27). Although the basal Cretaceous sand
is only about 150 ft thick near Fort Stockton (fig. 11), this
coarse-grained, quarizose unit is an important source
of ground water in Pecos County (Armstrong and
McMillion, 1961, p. 57, 62). The basal Cretaceous sand
yields as much as 500 gal/min of water to individual
industrial-, irrigation-, and public-supply wells in Pecos
County.

The Edwards-Trinity aquifer is connected hydrauli-
cally to the Cenozoic Pecos alluvium, which fills two
structural troughs in parts of Crane, Loving, Pecos,
Reeves, Ward, and Winkler Counties (fig. 2). The
troughs formed as large volumes of salt dissolved from
deeply buried Permian rocks (Maley and Huffington,
1953), and much of the overlying Permian, Triassic, and
Cretaceous strata collapsed and was transported from
the area by the ancestral Pecos River. The alluvium pre-
dominately is an unconsolidated to semi-consolidated
mixture of gravel, sand, silt, clay, and caliche. Although
the alluvium is highly permeable in most areas, its
hydraulic conductivity varies greatly because of differ-
ences in the degrees of sorting and consolidation.
Where the alluvium is saturated and permeable, it com-
prises the Cenozoic Pecos alluvium aquifer (Texas
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Water Development Board, 1990, fig. 1-1). Where the
sediments are strongly cemented with hardpan (a
calcareous precipitate), ground water frequently is
perched above the regional potentiometric surface. The
Cenozoic Pecos alluvium aquifer (fig. 2) is the primary
source of water for irrigation in northern Reeves and
northwestern Pecos Counties (Ashworth, 1990, p. 12).

The Cenozoic Pecos alluvium rests on Permian and
Triassic red beds in northern Reeves County, where the
alluvium in places is greater than 1,500 ft thick (pl. 2).
Thinner deposits cover the north-facing flank of the
southernmost trough, whose floor is composed of
Cretaceous strata of the Edwards-Trinity aquifer
(Ashworth, 1990, figs. 3, 5). Because the Cenozoic Pecos
alluvium is connected hydraulically to the Edwards-
Trinity aquifer, the base of the alluvium is considered
the base of the regional ground-water-flow system
where the Edwards-Trinity rocks are absent (Barker and
Ardis, 1992).

The Edwards-Trinity aquifer overlies the Dockum
Group of Triassic age in parts of Pecos and Reeves
Counties (pl. 2). The upper part of the Dockum Group is
absent in some areas, causing sand of the Dockum
aquifer (middle part of the Dockum Group) to merge
with the basal Cretaceous sand of the Edwards-Trinity
aquifer (fig. 2). In these areas, the depth of regional
ground-water flow might increase a few hundred feet
below the base of the Edwards-Trinity aquifer system
(Barker and Ardis, 1992). The Dockum aquifer has been
a major source of public-supply water in northeastern
Reeves County, where it also provides some water for
livestock.

Although the Dockum aquifer directly underlies the
Edwards-Trinity aquifer in northwestern Crockett and
northeastern Reeves Counties, the extent and impor-
tance of the Dockum aquifer is uncertain across most of
Pecos County (fig. 2). The Edwards-Trinity aquifer is
directly underlain in this area by Permian and Triassic
red beds that have not been differentiated (pls. 2, 5). The
uppermost Permian rock unit is a red siltstone,
cemented with gypsum and calcite, that resembles the
lower part of the overlying Dockum Group. (The lower
part of the Dockum Group is composed largely of
reworked Upper Permian strata.) The undifferentiated
red beds in Pecos County range from zero to about
1,500 ft thick; however, no part of the interval appears
to be a particularly viable source of potable ground
water. According to Armstrong and McMillion (1961,
p. 37), the red beds of Permian and Triassic age yield
"** small amounts of water at various locations." Where
the middle Dockum unit is present in Pecos County, it
probably is thinner and less permeable than the
Dockum aquifer of adjacent counties.
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The Trans-Pecos aquifers primarily are recharged
through the infiltration of storm runoff resulting from
precipitation on the northern flanks of the Barilla,
Davis, and Glass Mountains and on the eastern flanks
of the Apache and Delaware Mountains (fig. 3). The
headwaters of the streams that drain these mountains
mostly are confined to narrow channels with nearly
impervious streambeds. The high-gradient headwater
channels empty into comparatively low-gradient
arroyos atop porous alluvial fans at the base of the
mountains. During prolonged storms, runoff fills the
mountain channels and flows into the arroyos, from
which water percolates to the Edwards-Trinity and
Cenozoic Pecos alluvium aquifers.

Considerable recharge takes place in south-central
Pecos County where the arroyos traverse coarse allu-
vium that overlies cavernous limestone of the Edwards-
Trinity aquifer. Sinkholes in the limestone greatly expe-
dite the recharge process (Armstrong and McMillion,
1961, p. 46; pl. 14). Some recharge might occur as lateral
subsurface inflow from strata deep within the moun-
tains in northern Brewster and Jeff Davis Counties.
However, such inflow is considered unlikely because
these strata are faulted, folded, and tilted to the extent
that flow through them probably would be impeded, if
not blocked entirely (Rees and Buckner, 1980, fig. 3).
Much of the springflow in the Balmorhea area of Reeves
County (fig. 3) that follows prolonged periods of pre-
cipitation has been traced to the infiltration of precipita-
tion and storm runoff in a narrow anticlinal valley
along the eastern escarpment of the Davis Mountains
(White and others, 1941, p. 112). The results of more
recent geochemical analyses by LaFave and Sharp
(1987) indicate that a substantial part of the sustained
(long-term) recharge to these springs might originate
from relatively remote locations in and near the Apache
Mountains.

Recharge has been induced in parts of the Trans-
Pecos as a result of water-level decline caused by the
withdrawal of water for irrigation. In response to water-
level decline in the Cenozoic Pecos alluvium aquifer,
hydraulic gradients between the Pecos River and the
aquifer have reversed from their predevelopment direc-
tion in parts of Pecos (Armstrong and McMillion, 1961,
p-52) and Reeves Counties (Ogilbee and others, 1962,
p- 33). The Pecos River now loses streamflow to the
aquifer in parts of northwestern Pecos and north-
central Reeves Counties, where the aquifer originally
discharged to the river. Leakage from the Pecos River is
not necessarily beneficial to the aquifer, as the concen-
trations of chloride and dissolved solids in this stream
can exceed 5,000 and 15,000 mg/L, respectively
(Grozier and others, 1966).
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Although water levels declined more than 200 ft
in parts of Reeves County and more than 100 ft in
parts of Pecos County, decreasing rates of ground-water
withdrawal since the mid-1960’s have allowed water
levels to recover as much as 75 ft in some wells
(Bush and others, 1993). The reductions in irrigation
pumpage occurred in response to (1) greater-than-
normal precipitation during much of 1966-90; (2) fuel
and labor costs that began to escalate during the 1970's;
and (3) depressed profits in the agricultural market-
place during the last 30 years. An undetermined frac-
tion of the irrigation water in shallow water-table areas
percolates back to the saturated zone, thereby reducing
the effects of ground-water withdrawal in some low-
lying areas of the Trans-Pecos. Despite this return flow
and the decreasing rates of withdrawal, water-level
hydrographs indicate that water levels have not
returned to predevelopment levels in Pecos County
(Small and Ozuna, 1993); nor have water levels recov-
ered fully in Reeves County (Sharp, 1989, p. 129).

Whereas well withdrawals in the Trans-Pecos were
negligible through about 1945, withdrawal rates accel-
erated along with agricultural expansion following
World War II. Between about 1946 and the late 1950’s,
the number of irrigation-supply wells increased annu-
ally by almost 25 percent. Pumpage in Pecos and Reeves
Counties from the Cenozoic Pecos alluvium and
Edwards-Trinity aquifers, combined, increased to about
550,000 acre-ft/yr by the late 1950’s (Armstrong and
McMillion, 1961, p. 44; Ogilbee and others, 1962, p. 34).
Owing in part to economic pressures and water conser-
vation since the mid-1960’s, pumpage from the
Edwards-Trinity aquifer alone decreased to about
450,000 acre-ft/yr by 1975-76. All but about 1,600 acre-
ft/yr of the 1975-76 pumpage occurred in Pecos and
Reeves Counties, where about 95 percent of the water
was used for irrigation (Lurry and Pavlicek, 1991).
Ground-water withdrawals from the Edwards-Trinity
aquifer in the Trans-Pecos have continued to
decrease—to about 60,000 acre-ft/yr during 1990 or less
than 15 percent of the 1975-76 rate (D.L. Lurry, U.S.
Geological Survey, written commun., 1992).

Springflow from the Trans-Pecos aquifers has
decreased substantially as the result of water-level
declines caused by ground-water withdrawals for irri-
gation. Although the combined springflow in Pecos and
Reeves Counties averaged nearly 85,000 acre-ft/yr dur-
ing the mid-1940’s (Armstrong and McMillion, 1961,
p- 43-44; Ogilbee and others, 1962, p. 28), this spring-
flow averaged less than 40,000 acre-ft/yr during the
1980’s. Before 1946, about 48,000 acre-ft/yr of water dis-
charged from springs in Pecos County; by 1958, this dis-
charge had decreased to less than 2,000 acre-ft/yr
(Armstrong and McMillion, 1961, p. 47). Despite short-
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term surges in springflow during 1986-88 (Small and
Ozuna, 1993, fig. 13), springflow has been negligible in
Pecos County since 1961.

The development of ground water in the Trans-
Pecos has reduced the loss of ground water to evapo-
transpiration. Increases in the depth of water below
land surface have reduced the consumptive use by
phreatophytes. Evapotranspiration losses to phreato-
phyte growth is locally important in the Pecos River
valley, where the tap roots of salt cedar, mesquite, and
alfalfa can exceed 50 ft in length.

Transmissivity values for the Edwards-Trinity
aquifer are difficult to obtain and highly variable; fewer
than 10 values from the results of aquifer tests are
reported for Pecos and Reeves Counties (Armstrong
and McMillion,1961; Ogilbee and others, 1962). Trans-
missivity values reported for thicker parts of the
Cenozoic Pecos alluvium in north-central Reeves
County are as large as 20,000 ft?/d (Ogilbee and others,
1962, p. 37). Although the transmissivity of Fredericks-
burg strata that contain a large number of solution
channels in west-central Pecos County is unknown, the
results of aquifer tests in relatively unaltered carbonate
strata of the same age indicate values of less than
1,000 ft2/d. The analyses of drawdown and recovery
data from wells completed in the basal Cretaceous sand
provide transmissivity values ranging from about 500
to 1,000 ft?/d.

CONFINING UNITS

The characteristics of the two regional confining
units are summarized below. The summary begins with
the Navarro-Del Rio confining unit, the easternmost
and most massive confining unit in the aquifer system.

NAVARRO-DEL RIO CONFINING UNIT

The Navarro-Del Rio confining unit confines down-
dip parts of the Edwards aquifer in the Balcones fault
zone (fig. 2; pls. 3, 7). From top to bottom, this confining
unit includes the Navarro Group, Taylor Group, Austin
Group, Eagle Ford Group, Buda Limestone, and Del Rio
Clay. According to Baker and others (1986, p. 9), these
rock units "*** yield little or no water or a very small
amount of water to mostly shallow dug wells.”
Together, these units form a regional barrier to vertical
ground-water flow. Although these strata are displaced
vertically in the Balcones fault zone, their combined
thickness typically exceeds 1,200 ft, or nearly 10 times
the maximum thickness of the Hammett confining
unit (table 2). Despite the vertical displacement of its
individual parts, the rock sequence as a whole is region-
ally continuous within the fault zone, so that the
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Navarro-Del Rio confining unit effectively confines
water within the Edwards aquifer (Baker and others,
1986, fig. 16; Maclay and Small, 1986, fig. 11).

Thin, scattered remnants of the Del Rio Clay and
Buda Limestone, plus minor outcrops of Gulf strata,
overlie the Edwards-Trinity aquifer system in parts of
the Edwards Plateau and Trans-Pecos. None of these
rock units is known to yield significant amounts of
ground water. However, they are not regarded as con-
fining units west of the Balcones fault zone, where they
are discontinuous and not underlain directly by satu-
rated rock.

HAMMETT CONFINING UNIT

The Hammett confining unit is composed of the
Hammett Shale, a blanketlike deposit of dark calcare-
ous and dolomitic shale, with finely laminated inter-
beds of limestone and sand (Ashworth, 1983, p. 27). The
Hammett confining unit is restricted to most of the Hill
Country and a small southeastern part of the Edwards
Plateau where structural disruption of the hydraulically
tight Hammett Shale has been minor (pls. 3, 7, 8). From
" negligible thickness on the southern flank of the Llano
uplift (fig. 8), the Hammett confining unit gradually
thickens in a downdip direction to more than 80 ft thick
in northern Medina and northeastern Uvalde Counties
(fig. 21). The unit generally varies between 40 and 60 ft
thick in the Hill Country (Amsbury, 1974, p. 18).
Because of its plastic consistency, the shale typically will
slide into the bore of an uncased well. Therefore, bore-
holes through the unit must be cased and grouted
within a few hours of being drilled (D.A. Muller, Texas
Water Development Board, oral commun., 1990). Verti-
cal displacement of the Pine Island Shale Member of the
Pearsall Formation probably prevents this downdip
equivalent of the Hammett Shale from being an effec-
tive regional confining unit within the Balcones fault
zone.

SUMMARY

The Edwards-Trinity aquifer system, which underlies
about 42,000 mi? of west-central Texas, is composed of
nearly flat-lying carbonate strata of Comanchean
(mostly Early Cretaceous) and Gulfian (Late Creta-
ceous) age. The Cretaceous rocks of the aquifer system
thin toward the northwest atop generally massive, com-
paratively impermeable and structurally complex pre-
Cretaceous rocks. From predominately terrigenous clas-
tic sediments in the east and terrestrial deposits in the
west, the rocks of early Trinitian (Comanchean) age
grade upward into supratidal and intertidal evaporitic
and dolomitic rocks and shallow-marine, lagoonal, and
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basinal carbonate strata of late Trinitian, Fredericks-
burgian, and Washitan (Comanchean) age. A thick,
downfaulted remnant of mostly open-shelf sediments
of Eaglefordian through Navarroan (Gulfian) age con-
fines a small, southeastern part of the aquifer system.

The regional aquifer system contains three aquifers:
(1) the Edwards aquifer in the Balcones fault zone;
(2) the Trinity aquifer in the Balcones fault zone and
Hill Country; and (3) the Edwards-Trinity aquifer in the
Edwards Plateau and Trans-Pecos. The aquifers are lat-
erally adjacent except in the Balcones fault zone, where
a downfaulted part of the Trinity aquifer is overlain by
the Edwards aquifer. The permeable strata mainly
result from fractures and joint cavities, solution chan-
nels, and fabric-selective forms of porosity caused by
the dissolution of evaporites, other soluble minerals,
and assorted allochems.

The aquifer system contains two regional confining
units. The Navarro-Del Rio confining unit confines
downdip parts of the Edwards aquifer in the Balcones
fault zone. The Hammett confining unit confines basal
parts of the Trinity and Edwards-Trinity aquifers in the
Hill Country and Edwards Plateau, respectively. The
confining units mostly are composed of calcareous
mudstone, siltstone, and shale.

The depositional, tectonic, and diagenetic character-
istics of the Cretaceous rocks of the Edwards-Trinity
aquifer system are strikingly different from those of the
underlying pre-Cretaceous rocks. The typically
medium- to thin-bedded Cretaceous strata of the aqui-
fer system mostly dip southeastward atop generally
massive, westward-dipping Paleozoic and Triassic
units. The unconformity between the Cretaceous rocks
of the aquifer system and the pre-Cretaceous complex
marks a major shift in the geologic evolution of the
study area. This hiatus in the rock record spans about 60
million years of crustal warping and erosion between
the deposition of terrestrial red beds during Late Trias-
sic time and the deposition of terrigenous clastic and
shallow-marine carbonate sediments during Early
Cretaceous time.

The Early Cretaceous sea encroached slowly
westward upon a rolling peneplain of folded and
faulted pre-Cretaceous rocks. While alluvial plains
inland of the transgressing sea were dominated by clas-
tic deposition, shallow offshore environments—charac-
terized by warm, generally clear seawater—promoted
the biogenic accumulation of calcium carbonate.

Trinity deposition was characterized by a cyclic
pattern of shoreline advance and retreat superimposed
upon an overall pattern of marine transgression.
The resulting lithofacies are diachronous toward
the Llano uplift and reflect the effects of shallower
water and shoreline advancement toward the
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northwest. The Trinity strata were deposited during
three transgressive-regressive cycles of sedimentation.
These cycles consist of the (1) Sycamore Sand (Hosston
Formation, downdip) and Sligo Formation; (2) Ham-
mett Shale (Pine Island Shale Member, downdip) and
Cow Creek Limestone (Cow Creek Limestone Member,
downdip); and (3) Hensel Sand (Bexar Shale Member,
downdip) and Glen Rose Limestone. The basal Creta-
ceous sand and Maxon Sand were deposited in fluvial-
deltaic settings west of the Llano uplift.

The Fredericksburg and lower Washita strata of west-
central Texas were deposited upon the Comanche shelf,
a carbonate platform sheltered by the Stuart City reef
trend from storm waves and deep ocean currents in the
ancestral Gulf of Mexico. Depositional environments
were controlled by the (1) distribution and rates of sub-
sidence and uplift, (2) influx of fine-grained terrigenous
sediment, and (3) extent of water circulation, or degree
of restriction relative to that of the open sea. The Kainer
and Person Formations formed over the San Marcos
arch, a structural high dominated by tidal flats that fre-
quently underwent uplift, subaerial exposure, and ero-
sion. The eastern part of the Fort Terrett Formation and
the Segovia Formation formed near the crest of the cen-
tral Texas platform mostly in supratidal to restricted
shallow-marine environments. The western part of the
Fort Terrett Formation and the Fort Lancaster Forma-
tion formed mostly in open shallow-marine to open-
shelf environments transitional to the central Texas plat-
form and Fort Stockton basin. The Finlay Formation
formed in the Fort Stockton basin, when the basin pri-
marily was a broad, open lagoon; the Boracho Forma-
tion was deposited later in a deeper, shelf-basin
environment. The West Nueces, McKnight, and Salmon
Peak Formations formed within the persistently sub-
merged Maverick basin. The depositional environments
inside the Maverick basin generally were buffered from
those on the central Texas platform by the intervening
Devils River trend, in which the Devils River Formation
formed.

During late Oligocene through early Miocene time,
large-scale normal faulting created the Balcones fault
zone, where the Cretaceous strata were displaced verti-
cally, fractured intensively, and rotated differentially
within a series of southwest-to-northeast trending fault
blocks. Ground-water flow shifted toward the northeast
in response to rejuvenated hydraulic gradients in that
direction and high-angle barrier faults that blocked the
older southeastward flowpaths. New flowpaths devel-
oped subparallel to the strike of the fault zone as
evaporites and soluble calcareous constituents dis-
solved from the fractured strata and discharged to
downgradient springs and streams. Springs originated
in topographically low areas where barrier faults
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intercepted confined water at depth and diverted it to
the surface. Ground-water conduits enlarged through
carbonate dissolution along flowpaths that converged
toward the springs. The major springs persisted to
control modern potentiometric levels and discharge
patterns. Stream erosion eventually breached the over-
lying, low-permeability Gulf rocks and provided dis-
charge areas for aquifers in the underlying, more
permeable Comanche rocks.

The Balcones faulting triggered processes responsible
for sizable contrasts between the hydraulic characteris-
tics of the Edwards aquifer and those of the Trinity and
Edwards-Trinity aquifers. The faulting increased
hydraulic gradients in the fault zone, which enhanced
the percolation of meteoric water from land surface and
increased the velocity of shallow ground-water flow. A
dynamic regime of shallow ground-water flow evolved
that promoted dissolution. Dissolution along fractures
and bedding planes formed joint cavities and solution
channels that became the principal conduits of regional
ground-water flow in the Edwards aquifer.

The rocks in the Hill Country, Edwards Plateau, and
Trans-Pecos mostly were excluded from the large-scale
normal faulting, intensive fracturing, and subsequent
dissolution that controlled the origin of the Edwards
aquifer in the Balcones fault zone. Consequently, the
hydraulic characteristics of the Trinity and Edwards-
Trinity aquifers more closely resemble those of each
other than those of the Edwards aquifer. As the trans-
missivity of the Edwards aquifer increased over
geologic time, cementation, recrystallization, and
replacement resulting from deep burial and compara-
tively sluggish ground-water movement combined to
diminish the transmissivity of the Trinity and Edwards-
Trinity aquifers.

The saturated thickness of the aquifer system ranges
from more than 500 ft in the southern part of the aquifer
system to less than 100 ft near the northern part. The
saturated thickness is more than 500 ft throughout the
Balcones fault zone and over the southeastern two-
thirds of the Hill Country. The saturated thickness
decreases to less than 100 ft over the northwestern third
of the Hill Country where the Trinity aquifer thins
against Precambrian rocks of the Llano uplift. In the
Edwards Plateau, the saturated thickness grades from
more than 500 ft in the southern one-half of the area to
less than 100 ft along the northern margin. In the Trans-
Pecos, the saturated thickness ranges over short dis-
tances from more than 500 ft to less than 100 ft, reflect-
ing the rugged relief at the base of the aquifer system.

The Edwards aquifer in the Balcones fault zone is one
of the most productive subsurface reservoirs of potable
water in the world. The Edwards aquifer is recognized
as the sole source of ground water in the San Antonio
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area, where it serves the domestic, public-supply, indus-
trial, and agricultural needs of more than a million peo-
ple and sustains several threatened or endangered plant
and animal species. The Edwards aquifer lies within the
Georgetown, Person, and Kainer Formations in the
northeastern part of the fault zone and within the
Devils River, West Nueces, McKnight, and Salmon Peak
Formations in the southwestern part. Ground-water
flow largely is controlled by an anisotropic pattern
of hydraulic conductivity and a dominant southwest-
to-northeast component of transmissivity, both of
which result from barrier faults, fractures, joint cavities,
and solution channels that are aligned with the fault
zone. Transmissivity ranges from about 10,000 to more
than 5,000,000, ft?/d and probably averages about
750,000 ft?/d. After steadily increasing from about
100,000 acre-ft/yr during the 1930’s to an average
470,000 acre-ft/yr during the 1980’s, ground-water
withdrawals recently have tapered to an average
420,000 acre-ft/yr during 1990-93. Although water lev-
els and springflows periodically are reduced by less-
than-normal recharge and (or) greater-than-normal
pumpage caused by drought, long-term hydrographs
for the San Antonio area indicate no net decline (or rise)
in water levels over the last 80 years.

The Trinity aquifer, composed entirely of Trinity
strata in the Balcones fault zone and Hill Country, dom-
inates the ground-water hydrology of the Hill Country,
where most Fredericksburg and practically all Washita
strata are absent. Strongly cemented, hydraulically tight
interbeds in the upper and middle parts of the Trinity
aquifer impede the downward percolation of precipita-
tion. Ground water in the interstream areas commonly
is perched above the regional ground-water-flow
system and the base level of adjacent streams. Meteoric
water that infiltrates the interstream areas moves later-
ally atop the dense interbeds more readily than it perco-
lates vertically through them. Ground water emerges
from springs and seeps along the tops of the imperme-
able bedding where the bedding is breached by the
topography. Thus, instead of percolating to deeper per-
meable zones, much of the water in shallow parts of the
Trinity aquifer discharges to the deeply entrenched,
perennial streams that drain the Hill Country. Stream-
flow gains in the Hill Country subsequently are lost in
the downstream Balcones fault zone where the streams
cross faults onto permeable streambeds in the outcrop
area of the Edwards aquifer. Water also discharges from
the Trinity aquifer through wells and as lateral subsur-
face inflow and diffuse upward leakage to the Edwards
aquifer. Ground-water withdrawals from the Trinity
aquifer have remained relatively stable since the mid-
1970’s, averaging between 10,000 and 15,000 acre-ft/yr
during 1975-76 and totaling about 13,500 acre-ft during
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1990. Long-term hydrographs indicate that water levels
can vary greatly over short periods, typically varying 50
ft or more between winter highs and summer lows. The
Trinity aquifer generally is affected by drought more
quickly than the Edwards aquifer. Transmissivity
ranges from less than 1,000 to about 50,000 ft2/d and
appears to average less than 10,000 ft?/d.

The Edwards-Trinity aquifer in the Edwards Plateau
includes all the Fredericksburg and Trinity strata plus
all Washita rocks below the Del Rio Clay or the Buda
Limestone. Washita and Fredericksburg rocks provide
the principal water-producing zones in the Edwards
Plateau, except where these rocks are breached along
the valleys of the Concho, Guadalupe, Llano, Pecos,
Pedernales, and San Saba Rivers. Along these valleys,
middle and lower Trinity rock units supplement
stream-valley alluvium as major sources of ground
water. The basal Cretaceous sand is an important water-
producing unit in northwestern parts of the area and
along the Pecos River valley where the Washita and
Fredericksburg rocks have been removed by erosion.
Water-producing zones in the Edwards Plateau mostly
are confined or semi-confined, except in the shallowest
zones and near the outer margins of Fredericksburg
strata where the Trinity sediments crop out. From
generally unconfined or semi-confined conditions in
the west, the Edwards-Trinity aquifer becomes pro-
gressively more confined toward the southeast. Since
1975-76, when ground-water withdrawals averaged
nearly 130,000 acre-ft/yr, pumpage has fluctuated
between about 85,000 acre-ft (during 1985) and about
128,000 acre-ft (1990). Water-level hydrographs for cen-
tral parts of the Edwards Plateau reflect a cyclic relation
between recharge and precipitation: (1) declining water
levels during most of the 1960’s, when precipitation
was below normal; (2) rising water levels during most
of the 1970’s, when precipitation was above normal;
and (3) declining water levels during most of the 1980’s,
when precipitation was below normal. Many of the
highest recorded water levels during the past 30 years
in Crockett, Edwards, Kimble, Schleicher, and Sutton
Counties occurred during the middle-to-late 1970’s.
Although transmissivity probably is less than 5,000
ft?/d over most of the Edwards Plateau, it probably
averages about 10,000 ft?/d in southern parts of the
area, where the Cretaceous sediments are thickest.

The Edwards-Trinity aquifer in the Trans-Pecos
includes all the Fredericksburg and Trinity strata plus
all Washita rocks below the Del Rio Clay or the Buda
Limestone. The structural complexity of the Trans-Pecos
results from the collapse of Permian rocks that underlie
much of the area and crustal deformation during Ceno-
zoic time. Water from the Edwards-Trinity aquifer is
supplemented locally by water from the Cenozoic Pecos
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alluvium aquifer and the Dockum aquifer. Water levels
and springflow declined in response to accelerating
rates of ground-water withdrawal following World War
II. From negligible pumpage before 1945, pumpage
from the Cenozoic Pecos alluvium and Edwards-Trinity
aquifers, combined, increased to about 550,000 acre-
ft/yr by the late 1950’s. Although water levels declined
more than 200 ft in parts of the Trans-Pecos, decreasing
withdrawals since the mid-1960’s have allowed water
levels to recover as much as 75 ft in some wells. Pump-
age from the Edwards-Trinity aquifer, alone, decreased
from about 450,000 acre-ft/yr during the mid-1970’s to
about 60,000 acre-ft during 1990. Springflow decreased
from an average of nearly 85,000 acre-ft/yr during the
mid-1940’s to less than 40,000 acre-ft/yr during the
1980’s. Transmissivity values for the Edwards-Trinity
aquifer are difficult to obtain and highly variable in the
Trans-Pecos. Although transmissivity values as large as
20,000 ft2/d are reported for thicker parts of the Ceno-
zoic Pecos alluvium, values of less than 1,000 ft2/d are
indicated for relatively unaltered carbonate strata of
Fredericksburgian age. Transmissivity in the basal
Cretaceous sand ranges from about 500 to 1,000 ft2/d.
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