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ABSTRACT

The Trinity/Woodbine aquifer system (Trinity/Woodbine) is one of the most extensive and
highly utilized groundwater resources in Texas. This report documents a three-dimensional,
numerical groundwater flow model of the northern portion of the Trinity/Woodbine, which extends
from Central Texas to southern Oklahoma and Arkansas. The model was developed as part of the
Texas Groundwater Availability Modeling (GAM) program to evaluate groundwater availability
over a 50-year planning period and predict water level response to potential droughts and future
pumping.

Although useable water may be obtained from most of the Cretaceous sediments in the model
area, there are four aquifer units that are, in general, the most prolific formations within the
Trinity/Woodbine system. These include: the Hosston, Hensell, Paluxy, and Woodbine aquifers, and
are the focus of this project. Groundwater regimes within these units range from water-table
conditions in outcrop zones to artesian conditions at depth where the sand-rich aquifers are confined
by low permeability clay and carbonate-rich units that bracket and separate the aquifer sediments.

Extensive development of the Trinity aquifer began in the late 1800’s when numerous, artesian,
flowing wells were completed in the Trinity throughout central and northern Texas. The practice of
leaving flowing artesian Trinity/ Woodbine wells uncapped combined with the newfound availability
of fresh water led to regional artesian pressure declines, and many wells ceased flowing by the early
1900’s. Because of this, an interval of reduced groundwater production in the Trinity/Woodbine was
experienced in the region through the 1930’s. This period was followed by many decades of
increased groundwater withdrawal in many areas of Central and North-Central Texas to meet the
local water demands of a growing Texas population. However, since the mid-1970s and the
development of surface water resources throughout the study area, demand for groundwater has
decreased in some areas, and ground-water levels in some areas have risen or stabilized in response
to this trend (Kaiser, 2002).

The construction of the Northern Trinity/Woodbine GAM required the collection and analysis
of a relatively large volume of hydrologic and geologic information. All structural data included in
the model were derived from the examination of geophysical logs on file at the United States
Geological Survey (USGS), the Texas Commission on Environmental Quality (TCEQ), and Texas
Water Development Board (TWDB) archives. Where verification against geophysical log records
was possible, structural data assembled by previous authors were incorporated into model data sets.
Data pertaining to aquifer water levels and hydrologic characteristics, water usage,

surface/groundwater interaction, and recharge/discharge relationships were assembled from various
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sources and reevaluated for the purposes of the model. Comprehensive metadata files have been
completed on all source data used in the GAM, and are supplied with this report.

Simulation of fluxes into and out of the model was accomplished with several MODFLOW
packages including: 1) Recharge, 2) Evapotranspiration, 3) Streamflow-Routing, 4) River, and 5)
Well. Modification of average annual precipitation by soil permeability and land use factors
provided the basic input for the Recharge Package, which was used to simulate infiltration of
precipitation to the modeled aquifers. Streambed baseflow fluxes were simulated using the
Streamflow-Routing Package, while due to MODFLOW technical issues the River Package was
used to reproduce reservoir/groundwater interaction in the GAM. The Evapotranspiration Package
simulated the extraction of groundwater from the system by various, near-surface processes
including evaporation of soil moisture, plant transpiration, seeps/springs, and stream/groundwater
interaction not specifically modeled by the Streamflow-Routing Package. Groundwater pumpage to
wells completed in the modeled hydrostratigraphic units was accomplished using MODFLOW’s
Well Package.

The hydraulic conductivity values input into the model were derived in a multi-step process.
The hydraulic conductivity values assigned to each primary aquifer layer (Woodbine, Paluxy,
Hensell, and Hosston) varied according to the net sand thickness recorded during analysis of
geophysical logs within the model area. Statistical correlations relating pumping test transmissivity
and net sand thickness were calculated and utilized to extrapolate initial Kh values to all regions of
the model. Once initial conductivity surfaces were generated and input into the model, modification
of layer conductivity during the calibration/verification phase of model development was found to
improve simulation accuracy.

Calibration of the model was accomplished in three phases. First, a transitional model was
constructed that simulated the change in aquifer water levels during the 100-year interval between
1880 and 1980. The results of this model were calibrated to measured 1980 water levels and
estimated river/stream baseflows. Construction of the 100-year model was necessary because
extensive use of the Trinity/Woodbine during the late 1800’s likely depressed aquifer water levels
prior to the earliest measurements, making calibration of a steady-state model to pre-development
water levels not possible for this project. Following calibration to the transitional period, the model
was calibrated to the aquifer conditions recorded during the 1980’s. Verification of simulated
changes in aquifer head and streamflows during the interval between 1990 and 2000 constituted the
final phase of model calibration. In both the transitional and the transient calibration/verification
models, the total root mean squared (RMS) residual of each modeled aquifer was less than 10

percent of the measured head drop across the unit for the period simulated.
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Following calibration and verification, six simulations of aquifer response to projected
groundwater demands (as developed by the TWDB and applicable Regional Water Planning Groups)
were performed with the model. In general, the results of these simulations indicate that water levels
will remain relatively stable in outcrop zones, while artesian pressures will rise by several hundred
feet in the major pumping centers in response to a planned decrease in pumpage from these aquifer
units over the next 50 years. While future decreases in pumpage represent a possible future use
scenario, it is also possible that use will not decrease and that water levels will remain at or near
current levels for many decades. The predictive simulations also provide a comparison of water
levels between average rainfall and drought-of-record conditions. However, the difference in
regional water levels between average rainfall and drought-of-record conditions was minimal, with

most of the differences being less than one foot.
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1.0 INTRODUCTION

In order to supply Texas resource planners and policy makers with reliable tools for assessing
the aquifer response associated with groundwater use over a 50-year planning period, the Texas
Legislature instituted the Groundwater Availability Modeling (GAM) program during the 76"
Legislative Session in 1999. The Northern Trinity and Woodbine aquifer system (Trinity/Woodbine)
currently supplies groundwater to large, heavily—populated, as well as rural regions of North, North-
Central and Central Texas. Accordingly, this aquifer was included as part of the GAM program. This
report describes the processes completed and results derived from the Northern Trinity/Woodbine
GAM project.

Covering over 30,000 square miles, the Trinity/Woodbine is one of the most extensive sources
of groundwater in Texas. Although they are not always distinguishable from one another in geologic
section, the four primary aquifers that comprise the system (Hosston, Hensell, Paluxy, and
Woodbine) extend from southwestern Arkansas to the Colorado River in Central Texas. The
northern portion of the aquifer system has supplied the vast majority of groundwater to all or part of
55 counties in the region for more than a century, which has resulted in artesian pressure declines,
especially near population centers such as Temple, Waco, Fort Worth, Dallas, and Sherman. Because
the Trinity/Woodbine is structurally complex and encompasses a relatively large area, the long-term
aquifer response associated with groundwater use is not always readily apparent. For this reason,
resource policy makers require a tool that can be used to assist in quantifying the effects related to
the ongoing development of aquifer resources in the region. While not applicable in every situation,
groundwater flow models are one of the most useful tools for evaluating these effects. However, it
should be noted that no model replicates exactly the groundwater conditions found in a given
aquifer, and that the discrepancies that exist between simulated and measured aquifer water levels
have a direct correlation to the accuracy and density of hydrologic and geologic data describing that
aquifer system as well as the spatial and temporal scale of the model.

The construction and implementation of reliable groundwater models is a multi-step process.
These steps include: 1) data collection and conceptual model development, 2) model design and
construction, 3) model calibration/verification, 4) model sensitivity analyses, and 5) use of the model
for predictive purposes. The development of a basic understanding and appreciation of the
fundamental processes that drive groundwater flow in an aquifer is paramount in this procedure.
This overall understanding is defined as a conceptual model, and affects all other model construction
tasks, as well as the interpretation of model predictions. In its most basic form, the conceptual model

identifies and defines the hydrostratigraphic units of interest, their recharge and discharge
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relationship, hydraulic properties and boundary conditions. An in-depth assessment of pertinent
geologic structure, lithology and stratigraphy, physiography, groundwater uses, surface/groundwater
interaction, and climate of the model region is necessary to properly define the hydrodynamic
conceptual model of the Trinity/Woodbine. Model design involves the process of determining the
best way to apply the fundamental principles of the conceptual model to the framework of the
numerical model. Calibration and verification of the model entails an iterative progression of the
assessment of simulation accuracy (as compared to historical water level measurements), followed
by adjustment of aquifer parameters and the conceptual model when required. Once calibration goals
are met or exceeded, the model is subjected to a sensitivity analysis. During this procedure, model
input parameters are systematically varied and the simulation results are monitored. In this way, the
magnitude of the error inherent in the simulation(s) can be estimated. Following successful
implementation of the previous steps, the model may be employed as a tool that can be used for the
prediction of likely water level changes resulting from specific groundwater development scenarios.
In keeping with State water planning policy, the Northern Trinity/Woodbine GAM was
developed with input from the stakeholders through stakeholder advisory forums. All data sets and
models developed during this project are available to regional water planning groups, river
authorities, groundwater conservation districts, and private citizens for the evaluation of
groundwater availability in the Northern Trinity/Woodbine aquifer. Digital information related to

this project has been posted online at http://www.twdb.state.tx.us/gam/trnt_n/trnt_n.htm.
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2.0 STUDY AREA

The Northern Trinity/Woodbine aquifer system is composed of four sandy aquifer units
confined and separated by relatively impermeable clay and carbonate units. All of these units form a
wedge of sediments that dip and thicken to the south and southeast toward the Gulf of Mexico.
Trinity/Woodbine sediments crop out in a north-south trending belt in the southern portion of the
study area, shifting to an east-west trending belt near the Texas-Oklahoma border. The study area
(active model area) is defined as the region bounded by the updip limit of the aquifer outcrop in the
north and west, the Colorado River in the south, and the Luling-Mexia-Talco Fault Zone to the east.

The study area (Figures 2.1 and 2.2) covers more than 30,000 square miles and extends from
Central Texas to approximately 40 miles north of the Red River, and includes all or part of 46 Texas,
nine Oklahoma, and five Arkansas counties. As illustrated by Figures 2.3 and 2.4, all or portions of
nine groundwater conservation districts and six regional planning groups fall within the region.
Major cities within the study area include Dallas, Fort Worth, Arlington, Waco, and Austin, with a
combined population of more than six million residents. In addition, the model encompasses all or
part of numerous river basins (Figure 2.5); major basins include: the Red River, Sulphur River,

Sabine River, Trinity River, Brazos River, and Colorado River Basins.
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2.1 Physiography and Climate

The study region lies in portions of the Coastal Plains, Central Lowlands, and the Great Plains
(Figure 2.6). Gently rolling grasslands are common in the southern portion of the study region. In the
central portion of the study region, the physical features include high-relief areas with well-defined
dendritic drainage patterns. Within northeastern areas, the topography can be described as gently
rolling grasslands, forestland, and low floodplains. Soils are generally calcareous clay, sandy loam,
and clay loam, with a wide range of vegetation that includes bunch grass, mesquites, pine, elm, live
oak, juniper, and pecan trees.

Ground surface elevations range from about 2,200 feet above mean sea level in the far-western
areas to approximately 300 feet above mean sea level in the east (Figure 2.7). Drainage of the study
region is generally to the southeast through watersheds defined by the Bosque, Brazos, Colorado,
Lampasas, Leon, Navasota, Paluxy, Red, Sabine, Sulphur, and Trinity Rivers and their tributaries
(Dutton et al., 1996; Klemt et al., 1975).

The climate is humid subtropical within the study area, and is characterized by long, hot
summers and mild to moderate winters. The average annual gross lake surface evaporation rate is
approximately 55 inches per year (in/yr) (Figure 2.8). Records provided by the National Weather
Service (NWS) indicate that the average minimum temperature during winter months is 33° F and
generally occurs in early to mid January. The average maximum temperature for summer is 96° F,
which commonly occurs from late July to mid August. As shown in Figure 2.9, the mean annual
temperature within the study area ranges between 66 and 68 degrees F.

Rainfall records from the NWS and the Texas Water Development Board (TWDB) in the study
area were used to develop precipitation characteristics and to evaluate the spatial and temporal
variability across the Trinity/Woodbine Formations. The TWDB has classified numerous NWS and
other participant precipitation stations into quads throughout the state and assembled complete
rainfall records for thousands of stations from 1940 to 2000. For this study, more than 190 stations in
20 quads throughout 52 counties covering Texas and Oklahoma were used to construct a historical
rainfall record from 1940 to 2000 (Figure 2.10)

The region is characterized by a spatial distribution of precipitation that decreases in vertical
bands from east to west with a distinct gradient geographically parallel to the ITH 35 corridor.
Average rainfall from 1960 to 2000 across the outcrop was 38 in/yr with an average maximum in the
northeast of about 55 in/yr and an average low in the west of about 30 in/yr (Figure 2.11). The
southern edge of the model area has seen historical annual lows of about 13 in/yr, while the eastern

portion of the aquifer outcrop has received historic high annual rainfall of over 72 in/yr. The smallest
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amount of precipitation fell across the region in 1963, with an average of just under 23 inches. The
trend of decreasing rainfall to the west is likely attributable to increasing topographic elevation and
increasing distance from the Gulf of Mexico.

Analysis of 3-year moving averages and Palmer Drought Indexes shows that the only
consecutive years of drought in the region occurred between 1954 and 1956. The low consecutive
periods of rainfall are evident in the hydrographs of Quads 410, 509, 709, and 710. Precipitation has

a bimodal distribution with most rainfall coming in the spring and fall months.
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Figure 2.6 Physiographic Provinces
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2.2 Geology

The Cretaceous sediments that comprise the Northern Trinity/Woodbine aquifer system extend
from a small section of western Arkansas and southern Oklahoma through much of the northeastern
quarter of Texas. Deposited upon a relatively flat erosional surface (paleoplain) carved into
truncated, metamorphosed Paleozoic strata during the Triassic and Jurassic, these sediments form a
southeastward-thickening wedge from Central Texas outcrop areas to the East Texas Basin
(Nordstrom, 1982). The Trinity/Woodbine sediments were deposited throughout the Comanchean
Series and the early Gulfian Series, and are subdivided (from oldest to youngest) into the Trinity,
Fredericksburg, Washita, and Woodbine Groups (Hill, 1901). Trinity/Woodbine sediments were laid
down in a variety of terrestrial and marine depositional environments. Because of the large degree of
variability in thickness and lithology exhibited by these formations over the model extent, the
geologic nomenclature describing the Trinity/Woodbine is complex, often varying with author, date,
and region. In order to standardize the process of data collection and model construction, the
following nomenclature was adopted for this GAM project. The Lower Trinity is defined as all
formations below the Glen Rose including (from lower to upper) the Hosston/Sligo, Pearsall/Cow
Creek/Hammett, and Hensell members of the Travis Peak Formation, while the Upper Trinity is
defined as the Glen Rose and Paluxy Formations where defined (see Figures 2.12 and 2.13). Figures
2.14 through 2.18 illustrate the regional stratigraphic relationships of the Trinity/Woodbine units.

Extending from McLennan County at its southern edge to the Red River in the north, the
Woodbine Formation was deposited in the late Cretaceous (Gulfian Series). The Woodbine is
composed of sand, silt, clay, and some gravel, and ranges in thickness from less than 100 feet in the
south to over 600 feet in northern downdip areas. South of McLennan County in Central Texas,
where the thick sands of the Woodbine are no longer present, the Pepper Shale is equivalent to the
Upper Woodbine (Adkins and Lozo, 1951). The Woodbine is divided into two members from oldest
to youngest: the Dexter Member and the Lewisville Member. These members are composed chiefly
of sediments deposited in fluvial, high-destructive deltaic, and shelf-strandplain depositional
systems. The Ouachita Mountains in Southern Oklahoma and Arkansas served as the source of
Woodbine sediments, which were subsequently deposited into the actively subsiding East Texas
Basin (Oliver, 1971). The Woodbine is unconformably overlain by the Eagle Ford Group throughout
most of the study area, which acts as a confining unit to the Woodbine (Yelderman, 2002). The
Eagle Ford is comprised predominantly of shale with thin beds of limestone and bentonite, and
increases in thickness from about 150 feet in the south to greater than 500 feet in northern Texas. As

shown in Figure 2.19, the net sand content of the Woodbine is also greatest in downdip areas in
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northern Texas. In this region, the sand thickness increases from less than 100 feet near the outcrop
to over 400 feet near the Luling-Mexia-Talco Fault Zone (Section 4.2).

The Fredericksburg and Washita Groups separate the Paluxy from the overlying Woodbine
Formation. The Fredericksburg Group is comprised of the Walnut Formation, Comanche Peak, and
Edwards Formations in southern areas. In the northern portion of the model area, the carbonate
facies of the Fredericksburg is generally classified as the Goodland Formation, which forms a very
distinct contact on geophysical logs with the Kiamichi Clay, defined herein as the basal unit of the
Washita Group. Deposited during late Comanchean times, the Washita Group is subdivided into
various formations with very complex stratigraphic nomenclature, depending upon region and
author. The Fredericksburg and Washita Groups consist primarily of limestone, dolomite, marl, and
shale facies (Leggat, 1957), and have a combined thickness ranging from about 450 to 900 feet in
the model area.

The Lower Cretaceous Paluxy Formation consists of sand, silt, and clay, deposited
unconformably atop the underlying Trinity Group sediments. Separated from the Lower Trinity
aquifers by the Glen Rose Formation throughout most of the southern section of the study area, the
Paluxy merges with and generally becomes indistinguishable from the Hensell and Hosston in the
north and northwest. The boundary with the overlying clay-rich Walnut Formation is characterized
as a gradational, interfingering contact, which suggests time-equivalent deposition (Atlee, 1962).
The Ouachita and Arbuckle Mountains in Oklahoma provided the source of Paluxy sediment, which
was redeposited in fluvial, deltaic, and strandplain depositional environments in northeastern Texas
(Caughey, 1977). The Paluxy increases in total thickness from a featheredge in the southern portion
of the study area to greater than 600 feet in the north and northwest. Similarly, the net sand thickness
(as derived in this study from geophysical logs) grows from just a few feet in the south to more than
250 feet in northern Texas (Figure 2.20). The sands and silts that comprise the Paluxy are composed
primarily of fine-grained, friable, quartz grains, which are, in general, well sorted, poorly cemented,
and crossbedded (Klemt et al., 1975).

The Glen Rose Formation lies below the Paluxy Formation throughout most of the model area.
Conformable and gradational with the underlying Travis Peak Formation, the Glen Rose strata were
deposited on a laterally extensive shelf area known as the Central Texas Platform. The Glen Rose is
composed primarily of dense, finely crystalline limestone with varying amounts of shale, sandy-
shale, and anhydrite distributed throughout the unit. The type, volume, and distribution of sediments
were controlled primarily by eustatic cycles, which resulted in the alternation between classic tidal
flat depositional environments during regressive stages, and deeper marine (neritic) environments

during transgressive periods (Davis, 1974). The Glen Rose carbonates are present throughout most
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of the study area, but pinch out in the west and northwestern portions of the model domain. In
regions where the unit is defined, the thickness is variable, but averages about 500 feet throughout
the study area.

The Cretaceous strata underlying the Glen Rose Formation have traditionally been designated as
the Twin Mountains Formation in northern Texas and the Travis Peak Formation in Central Texas.
The Travis Peak is comprised of three members: the Hosston/Sligo Member, the Pearsall/Cow
Creek/Hammett Member, and the Hensell Member. In general, the assignment of Twin Mountains
has been applied in regions where the contacts between the individual members are ambiguous,
while the assignment to the Travis Peak Formation is made when the boundaries between
subdividing members are well defined, although this is not always the case. Additional
nomenclatural ambiguity results in northern sections where the definition between the Hensell and
Hosston is not clear and the carbonates of the Glen Rose Formation are not distinguishable. In these
areas, the sediments separating the sands of the Paluxy and the Lower Trinity are (by default)
attributed in geologic nomenclature either to the Paluxy or to the Twin Mountains/Travis Peak.
Where this occurs, the combined Paluxy-Twin Mountains/Travis Peak strata are referred to as the
Antlers Sand.

The Hensell Member was defined by Hill (1901) and is designated as the uppermost, sandy,
subdivision of the Travis Peak Formation. The lithologic makeup of the Hensell is similar to that of
the Hosston, containing a large percentage of fine to coarse-grained sand interbedded with shales
and, in the basal section, pebbly conglomerate lenses (Boone, 1968). Hensell sand deposits exhibit
poor cementation and common cross-beds (Nordstrom, 1987). The Hensell does not generally
exhibit the basinward thickening of sand deposits seen in other Trinity/Woodbine aquifer units.
Instead, the sand thickness of the Hensell is relatively uniform, ranging between 50 to 100 feet
throughout most of the region (Figure 2.21). Source rock for the Hensell was derived from regions
located to the north and west of the study area, which were eroded and redeposited to the southeast
within fluvial and deltaic depositional regimes (Hall, 1976).

The Pearsall/Cow Creek/Hammett Member separates the Hensell and Hosston/Sligo Members
of the Travis Peak Formation. This composite member defines the carbonate and clay-rich clastic
sediments deposited during early Comanchean times. Predominantly composed of limestone in
downdip areas, the carbonate facies of the Cow Creek gradually thins and pinches out in the western
(updip) portion of the study area. Where the Cow Creek limestones are not present, the shales of the
Cow Creek and Hammett Members coalesce and become indistinguishable as separate units. Updip

of this convergence zone, the argillaceous composite unit is defined as the Pearsall Member. The
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Pearsall/Cow Creek/Hammett averages 100 to 200 feet thick, and is generally distinguishable on
geophysical logs in the south, but is not clearly defined in northern portions of the study area.

The Hosston/Sligo Member of the Travis Peak Formation represents the first sequence of
preserved Cretaceous deposits in the study area. Composed primarily of fossiliferous, dolomitic
limestone with interbedded shale, the Sligo is the downdip, marine equivalent to the Hosston Sand
(Klemt et al., 1975). Ranging in thickness from 0 to 130 feet, the Sligo is thickest in eastern,
downdip areas, and grades into sandstone and shales that become indistinguishable from the Hosston
west of the Waco area. In the outcrop, the Hosston Sand is interpreted to be equivalent to the
Sycamore Sand (Stricklin et al., 1971) as defined by earlier researchers. This unit is composed of
thin to massively bedded, fine to medium grained orthoclase-rich quartz sand interbedded with sandy
clay (Boone, 1968). As illustrated in Figure 2.22, the net sand thickness of the Hosston averages
about 175 feet in the model area, with a maximum of about 500 feet in downdip areas. Because the
Hosston/Sligo was deposited upon valleys and ridges that existed in the pre-Cretaceous surfaces, the
total thickness of deposition varies in the study region. In general, local Hosston/Sligo deposits are
thicker in valley areas, while locally thinner deposits are found in areas where the underlying strata
formed ridges. Within the model area as a whole, the total thickness of the Hosston sand averages
about 240 feet, with deposits in downdip portions of the study area exceeding 1,500 feet in
thickness.

Two major fault zones displace Trinity/Woodbine sediments: 1) the Luling-Mexia-Talco Fault
Zone, and 2) the Balcones Fault Zone. These zones significantly affect the flow within the aquifer
system, which in turn influences the quality and availability of Trinity/Woodbine groundwater.

Sections 4.1 and 4.2 discuss the geologic history and occurrence of these features in the model area.

2-18



Approximate

Maximum
Formation Thickness
System Series Groups North | South North | South
Tertiary Undifferentiated
Navarro 800 550
Taylor 1500 1,100
Gulfian Austin Undifferentiated Undifferentiated 700 600
Eagle Ford 650 300
Woodbine 700 200
Grayson Marl Buda, Del Rio 150
Mainstreet, Pawpaw,
Washita Weno, Denton Georgetown 1,000 150
Fort Worth, Duck Creek
Kiamichi Kiamichi 50
Cretaceous Edwards 175
Fredericksburg Goodland Comanche Peak 250 150
Comanchean Walnut Clay Walnut Clay 200
Paluxy Paluxy 400 200
Glen Rose Glen Rose 1,500 1,500
Hensell
Trinity Antlers Pearsall/
Twin Mountains| Travis Peak Cow Creek/ 1,000 1,800
Hammett
Hosston/Sligo
Paleozoic Undifferentiated

Source: Klemt et al., 1975; Nordstrom, 1987.

Figure 2.12 Stratigraphic Diagram
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3.0 PREVIOUS WORK

For more than one hundred and fifty years, previous investigators have researched the northern
section of the Trinity/Woodbine aquifer and published numerous reports, models, and maps on the
geology and hydrology of the system. The following is a brief summary of the works of these
authors and their contribution to the study of the Trinity/Woodbine.

One of the first studies of the Cretaceous rocks in central and northern Texas was conducted in
the interval from 1845 to 1847 by the German geologist Ferdinand Roemer, who investigated the
region as a precursor to German settlement later in the 19" Century (Mosteller, 1970). A few years
later, G. G. Shumard, Jules Marcou, and B. F. Shumard also conducted investigations of the Lower
Cretaceous fossils and stratigraphy (Shumard, 1860). Building upon the work conducted by these
previous researchers, R. T. Hill (1901) published some of the most enduring descriptions of the
Cretaceous stratigraphy and sediment characteristics in north-central Texas in the late 1800°s and
early 1900’s. In the 1930’s, Adkins (1933) studied and reported on the Trinity/Woodbine strata,
while the (Texas) State Board of Water Engineers compiled drillers logs, water level data, and water
quality data on wells located in many northern and central Texas counties.

Population growth encouraged increased development of groundwater resources in Texas during
the mid 20" Century. Concurrently, C.V. Theis’ (1935) methods of calculating water level declines
were coming into widespread use. These circumstances fostered a period of increased interest by
researchers and State agencies in the hydrogeologic properties of the aquifers that comprise the
Trinity/Woodbine in North-Central Texas. George and Rose (1942) described the groundwater
resources in the region surrounding Fort Worth, emphasizing the changes that occurred in Trinity
and Paluxy water levels during the previous decades. Livingston (1945) and Sundstrom (1948)
reported aquifer test results for the Texas State Board of Water Engineers. The stratigraphy of the
Woodbine in the Waco region was studied in detail by Adkins and Lozo (1951) and the sediment
characteristics of the Woodbine in the Arlington area were reported by Dodge (1952). Leggat (1957)
presented a very thorough appraisal of the geology and groundwater resources of Tarrant County in
the late 1950’s.

Scientific and economic interest in the Trinity/Woodbine continued to grow during the 1960°s
and 1970’s. As a result, numerous county and regional studies were funded by the Texas Board of
Water Engineers, the Texas Water Commission, and the Texas Water Development Board (TWDB).
These include: Harden (1960), Baker (1960), Peckham et al. (1963), Bayha (1967), Thompson
(1967), Myers (1969), Thompson (1969), and Thompson (1972). Klemt et al. (1975, 1976) reports

include numerous maps detailing the regional structure, and sand content of the Trinity/Woodbine
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aquifers, as well as the historical water levels and groundwater quality attributable to the individual
strata. In 1960, Davis with the Oklahoma Geological Survey published a bulletin reporting the
stratigraphy and aquifer characteristics of the Trinity/Woodbine in southern Oklahoma. Researchers
at Baylor University also focused on the Cretaceous deposits in North-Central Texas during that
time. Baylor Geological Studies Bulletins published during the 1960’s and 1970’s pertaining to
various aspects of the Trinity/Woodbine include: Holloway (1961), Atlee (1962), Henningsen
(1962), Boone (1968), Mosteller (1970), Bain (1973), Hayward (1978), and Owen (1979).
Investigators at the University of Texas Bureau of Economic Geology (BEG) also showed an interest
in Cretaceous sediments during the 1970’s, publishing several works that not only sought to define
the extent and properties of the deposits, but to determine the depositional environments that dictated
the geometry and distribution of various strata. Oliver (1971) reported that the Woodbine sediments
were likely deposited within fluvial and deltaic depositional regimes. Hall (1976) described the
processes thought to have determined the structure and sediment characteristics of the Lower Trinity
(Travis Peak Formation) in north-central Texas. Caughey (1977) published a thorough assessment of
the specific environmental settings that may account for the distribution of Paluxy sediment facies.
Woodruff et al. (1979) studied the physical and chemical properties of the Trinity/Woodbine near
the Luling-Mexia-Talco Fault Zone in order to quantify the aquifers’ potential for geothermal use.

State and federally funded research of geology and hydrology of the Cretaceous sediments in
North-Central Texas continued during the 1980’s. Hart and Davis (1981) with The Oklahoma
Geological Survey published available hydrogeologic data applicable to the Antlers Sand in southern
Oklahoma. Nordstrom (1982, 1987) provided tables and maps of the occurrence, availability, and
chemical quality of the groundwater in the North-Central Texas area. Groundwater availability
studies conducted by Brune and Duffin (1983) and Price et al. (1983) reported on conditions in
Travis and Callahan Counties, respectively.

During the last two decades of the 20™ century, the volume of new work pertaining to
Trinity/Woodbine diminished, however several very useful reports and models were generated from
a variety of sources. Baker, B. B., et al. (1990) evaluated the water resources in the northern Texas
portion of the study area. The evaluation focused on the geologic framework of the Cretaceous
sediments, water-level declines in the Antler, Twin Mountains, and Paluxy Formations, and the
Woodbine Group, and projected water demands through the year 2010. A detailed tabulation of the
groundwater quality characteristics was published by Beynon for the TWDB in 1991. Duffin and
Musick (1991) completed an assessment of the water resources near Bell, Burnet, Travis, and
Williamson Counties. In 1993, Reutter summarized the well and water quality data pertaining to the

Woodbine outcrop for the United States Geological Survey. Mace et al. (1994) discussed and
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constructed maps of the estimated predevelopment potentiometric surfaces associated with the
Woodbine, Paluxy, and Trinity Aquifers. Ashworth and Hopkins (1995) summarized ground-water
pumpage and use data from the major and minor aquifers of Texas. Wilkins of the Oklahoma Water
Resources Board published a brief report of the hydrologic conditions of the Cretaceous aquifers in
southern Oklahoma in 1998. Langley (1999) provided an update to the Baker et al. (1990) evaluation
of water resources in part of north-central Texas, which focused on the Antlers, Twin Mountains,
Paluxy and Woodbine Formations. Transformations in the groundwater conditions seen in Trinity
aquifers during the 1987 to1997 interval in the region near Bastrop, Bell, Burnet, Lee, Milam,
Travis, and Williamson were reported by Ridgeway and Petrini (1999). One of the most recent
works was completed by Mace et al. (2000), who developed a three-dimensional, numerical ground-
water model depicting the availability of groundwater in the Trinity aquifer in the Texas Hill
Country for the GAM program.

Prior studies of the Trinity/Woodbine include two regional-scale models that are incorporated
within the GAM footprint (Figure 3.1). The first was constructed by Morton (1992), and simulated
groundwater movement in the Antlers aquifer and overlying units in Oklahoma and northeastern
Texas. The model utilized a relatively coarse grid distribution that varied within the study area,
averaging about 2 miles by 3 miles near the Red River in northern Texas. Three layers were included
in the model: 1) the Quaternary alluvium and terrace deposits, 2) the Cretaceous sediments overlying
the Antlers, and 3) the Antlers aquifer. Morton sought to predict aquifer water level changes in
response to expected future withdrawals during the interval between 1990 and 2040; however, due to
the small amount of historical pumpage in the region, Morton was unable to test and calibrate the
model to transient pumping stresses.

Dutton et al. (1996) evaluated the geologic and hydrogeologic framework of regional aquifers
in North-Central Texas and constructed a numerical flow model of the region. The model covers all
or parts of 24 counties and utilized 3 layers to explicitly model the Twin Mountains, Paluxy, and
Woodbine aquifers. The confining units that separate the aquifers (Fredericksburg/Washita and Glen
Rose) were implicitly modeled through modification of the vertical leakance between aquifer units.
The model was calibrated to historical water levels and subsequently used to predict aquifer water

level changes during the interval between 2000 and 2050.

3-3



Farl Warh

|
\
|

W Bt L] a 25 i

B

. Scala i mias

— ppemamate Mosan {1853
Micthee Model Exients

—_—  Approsimate Duson ef al (19946)
Aictive Model Extents

it

Trinly agidlar
Dl

Subaurisce
Sy Blatnn, 10EF and Dubon o w966 Fvooding aguiler
Chaliegs
Eubairiae

Figure 3.1 Previous Model Extents



4.0 HYDROLOGIC SETTING

The complex interactions between numerous and diverse factors influence groundwater flow
within the Trinity/Woodbine. These factors include the geometry and hydraulic properties of aquifer
and confining strata, regional topography, structural framework, groundwater chemistry, and the
modes of possible recharge and discharge. This section describes the significant components
affecting groundwater flow, which collectively are defined as the hydrologic setting. A review and
analysis of data collated from previous investigations (see Section 3.0), as well as data collected for

this project, is the basis for the following characterizations.

4.1 Hydrostratigraphy

Throughout most of the model region, the Trinity/Woodbine is composed of four, semi-distinct,
sand-rich aquifer units. These units are, from oldest to youngest: the Hosston and Hensell Members
of the Travis Peak Formation, the Paluxy Formation, and the Woodbine Formation. Five relatively
impermeable layers confine and separate the aquifer strata. In order from oldest to youngest these
confining units are: the pre-Cretaceous formations (Precambrian to Jurassic), the Pearsall/Cow
Creek/Hammett Member of the Travis Peak Formation, the Glen Rose Formation, the
Fredericksburg/Washita Groups, and the Eagle Ford Formation. In general, the Trinity/Woodbine
forms a southeastward dipping and thickening wedge of sediments, which crops out on the western
and northern portions of the study area.

As described in Section 2.2, the stratigraphic nomenclature applied to the Trinity/Woodbine is
complex. Of primary interest to this study is the often-gradual stratigraphic transformation seen
between areas where the members of the Travis Peak Formation (Hosston, Pearsall/Cow
Creek/Hammett, and Hensell) are clearly defined, and areas where distinct contacts between
hydrologic units are not perceptible (in geophysical logs). In general, the early Comanchean
sediments are labeled the Twin Mountains Formation where no well-defined internal boundaries are
present, and the Travis Peak Formation in areas where the subdivisions are apparent. Further
complexity arises in the northern portion of the study area where the carbonates of the Glen Rose
Formation are not distinguishable in geophysical logs. In these areas, the Glen Rose Formation does
not exist in geologic literature, and so the Paluxy and Twin Mountains/Travis Peak coalesce
(nomenclaturally) to form the combined unit known as the Antlers Sand. However, it is misleading
to conclude that the sands of the Paluxy are in direct hydrologic contact with the sands of the upper
Twin Mountains/Travis Peak in areas where the Glen Rose is not defined. Review of geophysical

logs in these areas suggests that, in general, some thickness of argillaceous sediments usually
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separates the Paluxy and Twin Mountains/Travis Peak Formations, restricting groundwater flow
between them. Figure 4.1 depicts the general association between aquifer nomenclature and regions
within the study area, and Figure 4.2 illustrates the regional stratigraphic relationships of the
Trinity/Woodbine units.

In clastic aquifers, the distribution and physical properties of sediments has a major influence on
groundwater flow. In general, sand-rich and karstic carbonate units transmit water, while sediments
composed primarily of clay and carbonate minerals (non-karstic) are much less permeable, and tend
to act as aquitards/confining layers. Variations in the physical properties of aquifer sediments
produce changes in the number and form of the inter-granular pore spaces that conduct groundwater
flow. These pathways are generally maximized in sediments composed of large, well-sorted
(homogenous grain size) grains with little or no interstitial cementation, which can fill pore spaces
and block groundwater flow. The vertical and horizontal continuity of sand strata also affect the
properties of aquifers. Several small but interconnected sand bodies may form a more productive
aquifer than a comparable amount of poorly connected sand, and are likely to be less transmissive
than a large, continuous sandy layer.

The elevation, thickness, and character of the aquifers that comprise the Trinity/Woodbine
aquifer units vary widely with location in the study area. In general, aquifer sediments were eroded
from highlands to the north and west of the study area, and redeposited in fluvial, deltaic, and
shallow marine environments to the south and east (Hall, 1976; Oliver, 1971; Caughey, 1977).
Multiple cycles of sea level transgression/regression coupled with subsidence of the East Texas
Basin, and uplift and tilting of the continental platform (Texas Craton) west and north of the
Ouachita foldbelt governed the spatial relationship between source rocks and basinal
accommodation space. These structural elements played an important role in dictating the geometry,
characteristics, and stratigraphy of Trinity/Woodbine sediments.

The youngest of the Cretaceous aquifers within the study area is the Woodbine Formation.
Covered by the Eagle Ford, Austin, Taylor, and Navarro Groups, and separated from the Paluxy by
the Fredericksburg and Washita Groups, the Woodbine is effectively isolated from the Trinity
aquifers below. Like the Paluxy, the primary source-rock regions lay in the northern and
northwestern portions of the study area, which resulted in the deposition of thicker sections of
sediments in downdip zones near those areas. Like the Trinity aquifers, artesian pressures have
declined due to groundwater use, but can be over 1,000 feet above the top of the Woodbine in
confined sections of the aquifer.

The Paluxy Formation is confined from above by the Fredericksburg and Washita Groups, and

is separated from the Hensell by the relatively thick and impermeable interval consisting of Glen

4-2



Rose carbonates in southern areas and Glen Rose equivalent argillaceous sediments in northern
portions of the study area. As with the Hensell and Hosston, the Paluxy is well defined in the central
model region, but becomes difficult to recognize in geophysical logs in areas where the carbonates
of the Glen Rose are not distinguishable. Minimal (generally less than 10 feet) rises and declines
have been measured in Paluxy outcrop water table levels, while cones of depression in artesian water
levels have been observed beneath heavy use regions surrounding cities in North-Central Texas.

The Hensell Member is designated as the uppermost aquifer of the Travis Peak Formation. The
Hensell is distinguishable as a separate unit throughout most of the model domain, but becomes less
well defined in the northern portion of the study area. Unconfined (water table) groundwater
processes dominate in outcrop areas, while artesian pressures of over 3,000 feet above the top of the
aquifer have been maintained in downdip zones. Water table levels in the Hensell have remained
relatively constant during the 1900’s, while downdip water levels show a well-defined cone of
depression in the Waco area. However, because hundreds of feet of low permeability materials can
hydraulically separate the Hensell from the underlying Hosston and overlying Paluxy, the
potentiometric surface exhibited in the Hensell is unique in most regions.

Trinity sediments were deposited on: 1) the eroded, westward-dipping Paleozoic strata of the
Texas Craton in the western portion of the study area, 2) the eastward dipping Triassic and Jurassic
sediments in the East Texas Basin in the down dip portions of the Study area and 3) the
metamorphosed Paleozoic and pre-Cambrian rocks of the Ouachita foldbelt (Flawn, 1961). The
Paleozoic and Pre-Cambrian rocks formed the Wichita paleoplain (Hill, 1901), and are composed of
relatively impermeable sediments. The topographical relief remaining after erosion of this surface
during the early Mesozoic influenced the thickness and geometry of the first aquifer unit deposited
during the Cretaceous: the Hosston Member of the Travis Peak Formation.

Commonly known as the “Lower Trinity Sand” or “Second Trinity”, the Hosston is recognized
as one of the most important aquifers in the region (Klemt et al., 1975; Kaiser, 2002), and has been
extensively developed in previous decades. Confined by Pre-Cambrian, Paleozoic, and early
Mesozoic strata below and capped by the Pearsall/Cow Creek/Hammett Members of the Travis Peak
Formation, the Hosston exhibits large artesian pressures in downdip areas. These pressures have
been reduced by groundwater pumpage near the Dallas-Fort Worth and Waco areas. However, based
on analysis of water levels in the unconfined (outcrop) zones of the Hosston, it appears that water
levels in the outcrop zone have been relatively stable during the last 50 years.

Extensive faulting throughout most of Texas offsets the Trinity/Woodbine sediments, and
affects regional groundwater flow. Major fault zones, including the Balcones and the Luling-Mexia-

Talco, can exhibit hundreds of feet of displacement effectively juxtaposing vertically distinct
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hydrostratigraphic units. However, the relatively insoluble character of the Woodbine, Paluxy,
Hensell, and Hosston sediments results in the smearing of materials in the fault zone, and precludes
significant dissolution of arenaceous fault-zone materials. For this reason, little if any vertical or
horizontal interformational flow is thought to occur in fault planes or across faulted sediments
(Yelderman, 2002). For this reason, the Luling-Mexia-Talco Fault Zone defines the downdip

boundary of groundwater flow.
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Approximate

Maximum
Formation Thickness Model
System Series Groups North [ South North | South | Layers*
Tertiary Undifferentiated
Navarro 800 550
Taylor 1500 1,100 GHB
Gulfian Austin Undifferentiated Undifferentiated 700 600
Eagle Ford 650 300
Woodbine 700 200 1
Grayson Marl Buda, Del Rio 150
Mainstreet, Pawpaw,
Washita Weno, Denton Georgetown 1,000 150
Fort Worth, Duck Creek
Kiamichi Kiamichi 50 2
Cretaceous Edwards 175
Fredericksburg Goodland Comanche Peak 250 150
Comanchean Walnut Clay Walnut Clay 200
Paluxy Paluxy 400 200 3
Glen Rose Glen Rose 1,500 1,500 4
Hensell 5
Trinity Antlers Pearsall/
Twin Mountains| Travis Peak Cow Creek/ 1,000 1,800 6
Hammett/
Sligo
Hosston 7
Paleozoic Undifferentiated

* Blue model layers (Layers 1, 3, 5, and 7) signify the primary aquifer units of this study.
Source: Klemt et al., 1975; Nordstrom, 1987.

Figure 4.2 Hydrostratigraphic Diagram




4.2 Structure

As shown in Figure 4.3, the model area encompasses a wide range of structural features that
affected the deposition of the Trinity/Woodbine. Tectonic plate collisions that occurred during the
formation of Pangea in the late Paleozoic uplifted and deformed the preexisting lithology, forming
the Ouachita Mountains in what was then the southern margin of the Laurasian paleocontinent.
These mountains formed highlands that served as source rock areas for the later deposition of the
Trinity/Woodbine system (Caughey, 1977). As Pangea began to break apart during the early
Mesozoic, rifting occurred to the southeast of the Ouachita Fold Belt creating low-lying areas that
were subsequently flooded in the Jurassic to form the ancestral Gulf of Mexico (Stearn et al, 1979).
During this time, the study area was located near the equator, the climate was hot, which, coupled
with the relatively restricted flow in the newly formed seaway, promoted the deposition of evaporate
minerals.

As the ancestral Gulf widened during the Mesozoic, drainage patterns in the study area shifted
to the southeast, and deposition of the Trinity was initiated in the Early Cretaceous. As the
Trinity/Woodbine accumulated, the East Texas Basin underwent syndepositional subsidence (Oliver,
1971), which served to foster the formation of the basinward thickening wedge of sediments that
characterize the Cretaceous formations in the study area.

Throughout the Cretaceous period, the continued subsidence of the East Texas Basin and the
relative stability of the Texas Craton formed a hinge along the Ouachita Fold Belt. The resulting
tensional forces during the Tertiary period and possibly during the Cretaceous contributed to the two
main fault systems near the Eastern edge of the study area: the Luling-Mexia-Talco and the Balcones
Fault Zones. The Luling-Mexia-Talco Fault Zone runs parallel to the Ouachita Structural Belt and
marks the updip boundary of the East Texas Basin. The Luling-Mexia-Talco fault system consists
primarily of normal faults, the growth of which was accelerated by lateral, basinward creep along the
underlying salt deposits deposited in the Jurassic (Jackson, 1982). The Luling-Mexia-Talco Fault
Zone has created displacements of more than 700 feet in some areas of Texas. Continued subsidence
in the Gulf of Mexico Basin during the Tertiary Period advanced the formation of the Balcones Fault
Zone. This zone runs from Austin to north of Waco and consists of a series of high angle normal
faults with downthrown blocks toward the Gulf of Mexico. The Balcones Fault Zone has displaced
sediments by as much as 400 feet in McLennan County to 600 feet in Travis County.

As illustrated by Figures 4.4 through 4.15, the elevation, thickness, and character of the aquifers
that comprise the Trinity/Woodbine aquifer units vary widely with location in the study area. The

total thickness of the Woodbine is greater than 600 feet in basinward sections in northern Texas, and
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averages about 300 feet within the study area (Figure 4.6). The total thickness of the Paluxy varies
from greater than 600 feet in northeastern Hunt County just west of the Luling-Mexia-Talco Fault
Zone, to a featheredge in Central Texas (Figure 4.9). As shown in Figure 4.12, the total thickness of
the Hensell ranges from zero feet in outcrop zones to over 150 feet in downdip areas, and averages
about 80 feet in the study area. Like the Woodbine, the total thickness of the Hosston increases
relatively uniformly from less than 100 feet in outcrop areas to more than 1,500 feet in southern,
downdip zones (Figure 4.15).

All structural data included in the model were derived from the examination of over 1,000
geophysical logs on file at the United States Geological Survey (USGS), the Texas Commission on
Environmental Quality (TCEQ), and Texas Water Development Board (TWDB) archives. Depth to
formation top and base and net sand thickness was recorded for the Woodbine, Paluxy, Hensell,
Hosston, Travis Peak, Twin Mountains, and Antlers units. The total thickness of the hydrologic unit
was recorded in instances where both the top and base of the unit was distinguishable on an
individual geophysical log. All data were recorded to the nearest foot when possible, however, the
poor legibility of many logs only allowed picks to within 10 feet. Logs that could not be read to a
10-foot level of accuracy were not included in this study. The precision of the elevation ultimately
assigned to the pick is dependent upon the ground level elevation assigned to the site. Information
pertaining to the various methods used to estimate ground level elevation is included with the
structure data supplied with this report. The positional accuracy of the picks also varies; similarly to

elevation data, information describing the precision of the well location was recorded with the data.
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4.3 Water Quality

The quality of groundwater in the Trinity/Woodbine aquifers was evaluated to aid in the
determination of the boundaries of the model, and to help potential users of the model assess
groundwater availability. A detailed evaluation of the water quality in the Woodbine Aquifer has
previously been published (Hopkins, 1996). The water quality in all of the aquifers in the study area
is briefly reviewed and summarized in numerous county-wide and regional reports (Baker, 1960;
Baker et. al., 1990; Bayha, 1967; Beynon, 1991; Brune and Duffin, 1983; Duffin and Musick, 1991;
Klemt et. al, 1975; Langley, 1999; Leggat, 1957; Nordstrom, 1982, 1987; Price et. al, 1983; D.
Thompson, 1967; G.L. Thompson, 1967, 1969, 1972). Most of these reports do not go into great
detail on the chemistry of the groundwater, but some potential concerns were noted in some of these
reports including high TDS, chloride, sulfate, nitrate, iron, manganese, and boron, as well as high
sodium adsorption ratio and a variety of anthropogenic water quality problems.

Water-quality data pertaining to the portion of the study area updip of the Luling-Mexia-
Talco Fault Zone (which includes all of the model area) were compiled from the TWDB
groundwater database and the Texas Commission on Environmental Quality (TCEQ) public water-
supply well databases. In addition to these sources, data compiled during a recently completed
analysis of Trinity/Woodbine groundwater quality (LBG-Guyton, 2003) were incorporated into this
evaluation. For the assessment of gross groundwater quality in areas downdip of the Luling-Mexia-
Talco Fault Zone, salinity contour maps published within TWDB Report No. 157 (Core, 1972) were
utilized.

Following a review of the sources listed above, multiple analyses for individual wells were
removed. The factors for selecting a single analysis for a well included: 1) completeness of the
analysis; some parameters were occasionally not included in an individual analysis, and complete
analyses were chosen over incomplete ones; 2) obvious anomalies; analyses that reported constituent
concentrations very different from other analyses performed on the same well were not selected; 3)
type of analysis; laboratory analyses were preferred over parameters measured in the field; and 4)
date; if all else was equal (considering the factors described above), the most recent analysis was
selected.

The term Total Dissolved Solids (TDS) refers to the sum of the concentrations of all of the
dissolved ions in groundwater, which are chiefly comprised of sodium, calcium, magnesium,
potassium, chloride, sulfate, and bicarbonate ions. The TWDB has defined gross aquifer water
quality in terms of TDS concentrations expressed in milligrams per liter (mg/l), and has classified

water into four broad categories:
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e fresh (less than 1,000 mg/l);
e slightly saline (1,000 - 3,000 mg/1);
e moderately saline (3,000 - 10,000 mg/1); and
e very saline (10,000 - 35,000 mg/1).
Because of its usefulness as an indicator of general groundwater quality, TDS served as the
primary parameter of interest for this evaluation; however, several other parameters may be of
interest from an availability aspect. The following is a summary of the common water quality

characteristics of the Trinity/Woodbine aquifers.

4.3.1 Selected Water Quality Standards

Water quality standards for both drinking water supplies and irrigation supplies were used for
comparisons to water quality data from the Trinity and Woodbine aquifers. Drinking water standards
are based on maximum contaminant levels (MCLs) and secondary constituent levels (“secondary
standards™) established in the Texas Administrative Code (30 TAC, Chapter 290, Subchapter F).
Primary MCLs are legally enforceable standards that apply to public drinking water supplies in order
to protect human health from contaminants in drinking water. Secondary standards are non-
enforceable guidelines based on aesthetic effects that these constituents may cause (eg. taste, color,
odor, etc.). In addition to primary MCLs and secondary standards, two constituents, lead and copper,
have action levels specified. These action levels apply to community and nontransient
noncommunity water systems, and to new water systems when notified by the TCEQ Executive
Director.

Irrigation screening levels are based on “Irrigation Water Quality Standards and Salinity
Management Strategies” produced by the Texas Cooperative Extension (Fipps, 2003). These
screening levels are intended for guidance purposes only, and they are not absolute, legally
established levels. Irrigation screening level parameters include TDS, salinity hazard, sodium
hazard, boron, copper, fluoride, selenium, and zinc. Chloride values were not included as a screening
level because the maximum chloride concentrations without loss in crop yield varies widely
depending on the type of crop, from 350 mg/I for several types of vegetables to 2,800 mg/1 for barley
(Fipps, 2003).

Salinity hazard and the sodium hazard are based on a classification developed by the U.S.
Salinity Laboratory (1954), and reviewed in Fipps (2003). Salinity hazard is based on the TDS
and/or specific conductivity of the water being applied to plants or crops. The sodium hazard is
described in terms of the sodium adsorption ratio (SAR), which is a quantitative evaluation of the

sodium hazard to soils or plants. Waters with an SAR of 18 to 26 are considered to represent a high
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sodium hazard, and waters with an SAR of greater than 26 are considered to represent a very high
sodium hazard. Individiual constituents, including boron, copper, fluoride, selenium, and zinc, may
cause problems to plants depending on whether they are applied over a short or long time period.
Therefore, each of these parameters has a different screening level for short-term and long-term use.

Woodbine Aquifer - A total of 776 wells were included in the analysis of groundwater quality
in the Woodbine aquifer. The occurrence of selected drinking water parameters for the Woodbine
compared to screening levels is shown in Table 4.1. The occurrence of irrigation parameters for the
Woodbine compared to screening levels is shown in Table 4.2.

Figure 4.16 shows the distribution of fresh, slightly saline, moderately saline, and very saline
water in the Woodbine. As indicated in this figure, water quality deteriorates (TDS increases) with
depth throughout the Woodbine, which contains extensive sections of slightly to moderately saline
groundwater in the downdip portions of the aquifer. Some shallow zones in and near the outcrop also
contain slightly to moderately saline groundwater, although this is uncommon. Fresh groundwater is
found farther downdip in the northern portion of the aquifer, in particular in Grayson, Collin, and
Fannin Counties, but groundwater in the southern portion of the aquifer quickly becomes saline in
the downdip sections of the aquifer, as was noted in Hopkins (1996).

As shown in Table 4.1, only nitrate (3%) and fluoride (7%) exceeded primary MCLs. Several
parameters, including TDS, sulfate, fluoride, iron, and manganese, are above the secondary drinking
water standards in approximately one-third of the wells, primarily in the downdip portions of the
aquifer. Chloride exceeded the secondary standard in 10% of the wells, also in the downdip portions

of the aquifer. The action level for lead was exceeded in 10% of the wells.
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Table 4.1 Occurrence and Levels of Selected
Public Drinking Water Supply Parameters in the Woodbine Aquifer

Nul.nber of Wells Screening Level (mg/l) Type of Percent of Wells Exceeding
with Analyses b Standard Screening Level

Nitrate-N 720 10 MCL 3%
Fluoride 710 4 MCL 7%
Barium 97 2 MCL 0%
Chromium 44 0.1 MCL 0%
Selenium 5 0.05 MCL 0%
Arsenic 10 0.05 MCL 0%
Lead 10 0.015 Action Level 10%
Copper 86 1.3 Action Level 0%
TDS 730 1,000 SS 37%
Chloride 776 300 SS 10%
Sulfate 770 300 SS 34%
Fluoride 710 2 SS 28%
Iron 90 0.3 SS 32%
Manganese 101 0.05 SS 35%
Aluminum 51 0.2 SS 12%
Zinc 67 5 SS 0%
Copper 86 1 SS 0%

MCL- Primary drinking water standard (maximum contaminant level) from 30 TAC Chapter 290 Subchapter F
Action Level- Copper and Lead have action levels as defined by 30 TAC 290.117
SS- Secondary drinking water standard from 30 TAC Chapter 290 Subchapter F

As shown in Table 4.2, the salinity and sodium hazards in groundwater from the Woodbine are
high in a large percentage of the wells. TDS and salinity hazards are “permissible” in approximately
half of the wells, meaning the groundwater may be used with some treatment (leaching). An
additional 25% of the wells produce groundwater that is “doubtful” or “unsuitable” for irrigation
purposes. In addition, the sodium hazard in groundwater from the Woodbine is high to very high in a
majority of wells, with 62% of the wells producing groundwater with a “very high” sodium hazard,
and an additional 7% with a “high” sodium hazard. Boron and fluoride are also found in more than
half of the wells at levels that are higher than recommended for long-term use for irrigation

purposes.
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Table 4.2 Occurrence and Levels of Selected
Irrigation Water Quality Parameters in the Woodbine Aquifer

Number of Screening Level Percent of Wells
Wells with (mg/1 unless olthger "se noted Exceeding Screening
Analyses glu w ) Level
Total Permissible (TDS = 525-1400) 48%
Disso_lved 730 Doubtful (TDS = 1400-2100) 17%
Solids Unsuitable (TDS >2100) 7%
Salinit Permissible (Spec. Cond. = 750-2000 ymhos/cm) 50%
Hazarzll 700 Doubtful (Spec. Cond. = 2000-3000 ymhos/cm) 18%
Unsuitable (Spec. Cond. > 3000 ymhos/cm) 11%
Sodium 703 Very High (SAR >26) 62%
Hazard High (SAR = 18-26) 7%
Boron 128 2 (short-term use) 29%
0.75 (long-term use) 62%
- o]
Copper 86 5 (short-term use) 0%
0.2 (long-term use) 0%
Fluoride 710 15 (short-term use) 0%
1 (long-term use) 53%
Selenium 5 0.02 (long and short-term use) 0%
Zinc 67 10 (short-term use) 0%
2 (long-term use) 0%

Source: Fipps, 2003.

Paluxy Aquifer- A total of 806 wells were included in the analysis of groundwater quality in
the Paluxy. The occurrence of selected drinking water parameters for the Paluxy compared to
screening levels is shown in Table 4.3. The occurrence of irrigation parameters for the Paluxy
compared to screening levels is shown in Table 4.4.

Figure 4.17 shows the distribution of fresh, slightly saline, moderately saline, and very saline
water analyses. As indicated in this figure, most of the data available for the Paluxy were obtained
from wells producing fresh water. A few analyses exhibiting slightly saline water are observed
scattered throughout the aquifer, mostly in the downdip portions of the aquifer.

As shown in Table 4.3, only two parameters exceeded primary MCLs in Paluxy groundwater,
nitrate (8%) and fluoride (3%). Several parameters exceeded secondary standards, including TDS,
fluoride, iron, and manganese. However, these levels were only exceeded in approximately one-tenth

of the wells. Chloride and sulfate exceeded secondary standards in less than 5% of the wells.
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Table 4.3 Occurrence and Levels of Selected
Public Drinking Water Supply Parameters in the Paluxy Aquifer

Number of Screening Level Percent of Wells
2 Type of Level Exceeding Screening

Wells (mg/l) Level
Nitrate-N 753 10 MCL 8%
Fluoride 688 4 MCL 3%
Barium 45 2 MCL 0%
Chromium 25 0.1 MCL 0%
Selenium 3 0.05 MCL 0%
Arsenic 2 0.05 MCL 0%
Lead 6 0.015 Action Level 0%
Copper 20 1.3 Action Level 0%
TDS 755 1,000 SS 7%
Chloride 805 300 SS 2%
Sulfate 805 300 SS 3%
Fluoride 688 2 SS 10%
Iron 19 0.3 SS 11%
Manganese 24 0.05 SS 13%
Aluminum 25 0.2 SS 0%
Zinc 17 5 SS 0%
Copper 20 1 SS 0%

MCL- Primary drinking water standard (maximum contaminant level) from 30 TAC Chapter 290 Subchapter F
Action Level- Copper and Lead have action levels as defined by 30 TAC 290.117
SS- Secondary drinking water standard from 30 TAC Chapter 290 Subchapter F

As shown in Table 4.4, the salinity and sodium hazards in groundwater from the Paluxy are
high in a large percentage of the wells. TDS and salinity hazards are “permissible” in approximately
half of the wells, meaning the groundwater may be used with some treatment (leaching). However,
less than 5% of the Paluxy wells produce groundwater that is considered “doubtful” or “unsuitable”
for irrigation purposes. In addition, the sodium hazard in groundwater from the Paluxy is high to
very high in a majority of Paluxy wells, with 48% of the wells producing groundwater with a “very
high” sodium hazard, and an additional 8% with a “high” sodium hazard. Boron and fluoride are also
found in approximately one-third of the wells at levels that are higher than recommended for long-

term use for irrigation purposes.
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Table 4.4 Occurrence and Levels of Selected
Irrigation Water Quality Parameters in the Paluxy Aquifer

. Percent of Wells
Number of Screening Level Exceeding Screening
Wells (mg/1 unless otherwise noted) : Lg °

evel

Total Permissible (TDS = 525-1400) 45%
Disso_lved 755 Doubtful (TDS = 1400-2100) 2%
Solids Unsuitable (TDS >2100) 1%
Permissible (Spec. Cond. = 750-2000 ymhos/cm) 63%

Salinity Hazard| 735 Doubtful (Spec. Cond. = 2000-3000 umhos/cm) 2%
Unsuitable (Spec. Cond. > 3000 ymhos/cm) 2%

Sodium 733 Very High (SAR >26) 49%
Hazard High (SAR = 18-26) 8%
Boron 60 2 (short-term use) 7%
0.75 (long-term use) 35%

_ 0,

Copper 20 5 (short-term use) 0%
0.2 (long-term use) 0%

Fluoride 688 15 (short-term use) 0%
1 (long-term use) 30%

Selenium 3 0.02 (long and short-term use) 0%
Zinc 17 10 (short-term use) 0%

2 (long-term use) 0%

Source: Fipps, 2003.

Hensell Aquifer- A total of 234 wells were included in the analysis of groundwater quality in
the Hensell. The occurrence of selected drinking water parameters for the Hensell compared to
screening levels is shown in Table 4.5. The occurrence of irrigation parameters for the Hensell
compared to screening levels is shown in Table 4.6.

Figure 4.18 shows the distribution of fresh, slightly saline, moderately saline, and very saline
water in the Hensell. As indicated in this figure, most of the data available for the Hensell were
acquired from wells producing fresh water, with less than 25% of the wells producing groundwater
with greater than 1,000 mg/l TDS. Although TDS concentrations are expected to generally increase
in downdip areas, the data shown in Figure 4.18 indicate that the location of groundwater with TDS
greater than 1,000 mg/1 is scattered throughout the aquifer.

As shown in Table 4.5, both nitrate and fluoride exceeded primary MCLs in 6% of the Hensell
wells. Several parameters exceeded secondary standards in approximately one-fifth of the wells,
including TDS, sulfate, fluoride, and iron. In addition to these, chloride and manganese exceeded

secondary standards 4% and 7% of the wells, respectively.
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Table 4.5 Occurrence and Levels of Selected
Public Drinking Water Supply Parameters in the Hensell Aquifer

Number of Percent of Wells
Wells Screening Level Type of Level Exceeding Screening

Level
Nitrate-N 231 10 MCL 6%
Fluoride 225 4 MCL 6%
Barium 25 2 MCL 0%
Chromium 14 0.1 MCL 0%
Mercury 2 0.002 MCL 50%
Lead 1 0.015 Action Level 0%
Copper 12 1.3 Action Level 0%
TDS 231 1,000 SS 22%
Chloride 234 300 SS 4%
Sulfate 234 300 SS 19%
Fluoride 225 2 SS 24%
Iron 16 0.3 SS 19%
Manganese 15 0.05 SS 7%
Aluminum 5 0.2 SS 0%
Zinc 18 5 SS 0%
Copper 12 1 SS 0%

MCL- Primary drinking water standard (maximum contaminant level) from 30 TAC Chapter 290 Subchapter F
Action Level- Copper and Lead have action levels as defined by 30 TAC 290.117
SS- Secondary drinking water standard from 30 TAC Chapter 290 Subchapter F

As shown in Table 4.6, the salinity and sodium hazards in groundwater from the Hensell are
high in a large percentage of the wells. TDS and salinity hazards are “permissible” in approximately
two-thirds of the wells, meaning the groundwater may be used with some treatment (leaching). An
additional 10-20% of the wells produce groundwater that is “doubtful” or “unsuitable” for irrigation
purposes. In addition, the sodium hazard in groundwater from the Hensell is high to very high in
nearly half of the Hensell wells, with 23% of the wells producing groundwater with a “very high”
sodium hazard, and an additional 26% with a “high” sodium hazard. Boron and fluoride are also
found in one-third to one-half half of the wells at levels that are higher than recommended for long-

term use for irrigation purposes, and boron is higher than the short-term level in 3% of the wells.
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Table 4.6 Occurrence and Levels of Selected
Irrigation Water Quality Parameters in the Hensell Aquifer

Number of Screening Level Per];elclz:;.\l’\(”ells
Wells (mg/1 unless otherwise noted) S xeeecing
creening Level
Total Permissible (TDS = 525-1400) 58%
Disso_lved 231 Doubtful (TDS = 1400-2100) 6%
Solids Unsuitable (TDS >2100) 4%
Permissible (Spec. Cond. = 750-2000 ymhos/cm) 68%
Salinity Hazard| 215 Doubtful (Spec. Cond. = 2000-3000 umhos/cm) 12%
Unsuitable (Spec. Cond. > 3000 ymhos/cm) 6%
Sodium 208 Very High (SAR >26) 23%
Hazard High (SAR = 18-26) 26%
Boron 29 2 (short-term use) 3%
0.75 (long-term use) 34%
- o]
Copper 12 5 (short-term use) 0%
0.2 (long-term use) 0%
Fluoride 295 15 (short-term use) 0%
1 (long-term use) 55%
Zinc 18 10 (short-term use) 0%
2 (long-term use) 0%

Source: Fipps, 2003.

Hosston Aquifer- As described in Section 2.2, the individual members of the Travis Peak
Formation are not always distinguishable in geophysical logs. Stratigraphic complications also occur
in areas where the Glen Rose carbonates pinch out, allowing contact (nomenclaturally) between the
Paluxy and the Lower Trinity aquifers. In these areas, screened aquifers are often reported as one of
three composite formations: 1) Travis Peak, 2) Twin Mountains, or 3) Antlers Sand. Analysis of the
available data suggests that the chemical quality of water from the Hosston most closely matches the
quality of water reported for wells completed in these composite formations. Because of this, the
quality data associated with the composite formations were combined with Hosston data in an effort
to depict the regional groundwater quality of the Trinity aquifer(s).

Using this approach, 2,648 water quality analyses wells were included in this evaluation. The
occurrence of selected drinking water parameters for the Hosston compared to screening levels is
shown in Table 4.7. The occurrence of irrigation parameters for the Hosston compared to screening
levels is shown in Table 4.8.

Figure 4.19 shows the distribution of fresh, slightly saline, moderately saline, and very saline
water in the Hosston/Trinity. As shown in this figure, most of the groundwater in the
Hosston/Trinity is fresh, with less than 20% of the total analyses containing TDS in excess of 1,000
mg/l. Several portions of the outcrop area contain groundwater with elevated TDS concentrations,

especially in Brown, Callahan, and Eastland Counties. These elevated TDS concentrations may be
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associated with improper disposal of waste brine water from oil and gas production. In downdip
areas, many elevated TDS concentrations are reported; however, available analyses also indicate
some fresh water may also be found in the deeper portions of the aquifer. Higher TDS groundwater
is also found in the higher pumping centers, in particular the Dallas-Fort Worth, where poorer
quality water is being drawn into the high pumpage regions from non-production aquifers.

As shown in Table 4.7, only three parameters exceeded primary MCLs in Hosston
groundwater, nitrate (22%), selenium (3%), and fluoride (1%). Several parameters exceeded
secondary standards, including TDS (18%), iron (13%), chloride (12%), fluoride (11%), sulfate

(8%), manganese (4%) and aluminum (4%).

Table 4.7 Occurrence and Levels of Selected Public Drinking Water Supply Parameters in the
Hosston Aquifer Layer (Antlers, Twin Mountains, Travis Peak, and Hosston Aquifers)

Number of Percent of Wells
Wells Screening Level Type of Level Exceeding Screening

Level

Nitrate-N 2,441 10 MCL 22%
Fluoride 2,370 4 MCL 1%
Barium 317 2 MCL 0%
Chromium 152 0.1 MCL 0%
Selenium 59 0.05 MCL 3%
Arsenic 33 0.05 MCL 0%
Mercury 5 0.002 MCL 0%
Lead 28 0.015 Action Level 0%
Copper 148 1.3 Action Level 0%
TDS 2,537 1,000 SS 18%
Chloride 2,644 300 SS 12%
Sulfate 2,637 300 SS 8%
Fluoride 2,370 2 SS 11%
Iron 173 0.3 SS 13%
Manganese 183 0.05 SS 4%
Aluminum 83 0.2 SS 4%
Zinc 170 5 SS 0%
Copper 148 1 SS 0%

MCL- Primary drinking water standard (maximum contaminant level) from 30 TAC Chapter 290 Subchapter F
Action Level- Copper and Lead have action levels as defined by 30 TAC 290.117
SS- Secondary drinking water standard from 30 TAC Chapter 290 Subchapter F

As shown in Table 4.8, the salinity and sodium hazards in groundwater from the Hosston are
high in a large percentage of the wells. TDS and salinity hazards are “permissible” in approximately
two-thirds of the wells, meaning the groundwater may be used with some treatment (leaching). An
additional 7-14% of the wells produce groundwater that is “doubtful” or “unsuitable” for irrigation
purposes. In addition, the sodium hazard in groundwater from the Hosston is high to very high in

nearly 40% of the wells, with 33% of the wells producing groundwater with a “very high” sodium
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hazard, and an additional 6% with a “high” sodium hazard. Boron (17%) and fluoride (31%) are also
found at levels that are higher than recommended for long-term use for irrigation purposes in some
wells, and 3% of the wells have boron above the recommended concentration for short-term use.
Selenium is found above the level recommended for both short and long-term use in 8% of the wells

in the Hosston.

Table 4.8 Occurrence and Levels of Selected Irrigation Water Quality Parameters in the
Hosston Aquifer Layer (Antlers, Twin Mountains, Travis Peak, and Hosston Aquifers)

Number of Screening Level PelEi‘;:(;Xe“s
Wells (mg/l unless otherwise noted) - >
Screening Level
Total Permissible (TDS = 525-1400) 57%
Dissqlved 2,537 Doubtful (TDS = 1400-2100) 4%
Solids Unsuitable (TDS >2100) 3%
Permissible (Spec. Cond. = 750-2000 ymhos/cm) 66%
Salinity Hazard| 2,382 | Doubtful (Spec. Cond. = 2000-3000 umhos/cm) 9%
Unsuitable (Spec. Cond. > 3000 pmhos/cm) 5%
Sodium Very High (SAR >26) 33%
2,476 .
Hazard High (SAR = 18-26) 6%
Boron 643 2 (short-term use) 3%
0.75 (long-term use) 17%
= 0,
Copper 148 5 (short-term use) 0%
0.2 (long-term use) 0%
Fluoride 2.370 15 (short-term use) 0%
1 (long-term use) 31%
Selenium 59 0.02 (long and short-term use) 8%
Zinc 170 10 (short-term use) 0%
2 (long-term use) 0%

Source: Fipps, 2003.
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4.4 Water Levels and Regional Groundwater Flow

Settlers in North-Central Texas had drilled numerous Trinity/Woodbine wells by the late
1800’s. At that time, the artesian pressure in some areas of the aquifer was sufficient to drive the
water up the well bore and onto the land surface without the installation of pumping equipment.
Wells that discharge water without the use of pumps are known as flowing or artesian wells and
these were common in the Fort Worth and Waco areas at the end of the 19th century. Because these
wells reduced the artesian pressure of the Trinity/Woodbine aquifers before accurate water level
measurements were made, a precise description of the true “predevelopment” water levels is not
possible. By 1914, the extensive development of the Trinity/Woodbine caused the artesian pressure
in most areas to drop below ground level, and previously flowing wells required the installation of
pumps in order to continue to produce groundwater. The reduction in the number of flowing wells
created a corresponding decline in groundwater production from the Trinity and Woodbine sands
during the early 1900’s.

As described above, a significant amount of development in both the Trinity and Woodbine
aquifer occurred prior to 1900. Mace and others (1994) indicate that a cone of depression was
already evident in their 1900 water level map of the Woodbine aquifer. Similarly, estimates of late
19"™ Century Trinity water levels suggest that there may have been some influence from groundwater
production in the Fort Worth area. Data from Hill (1901) document the number of wells present in
these units in 1900. More than 150 wells were producing from the Woodbine, including 43 in Dallas
County, more than 33 in Ellis County, and 25 in Grayson County. There were also in excess of 160
wells producing from the Paluxy aquifer, including 46 in Tarrant County, 45 in Denton County, and
37 in Cooke County. There were more than 600 wells, including nearly 300 in Somervell County, 67
in Bosque County, and more than 20 wells in Bell, Coryell, Erath, Hamilton, Hood, McLennan,
Parker, and Williamson Counties producing from the Trinity aquifer (consisting of both the Hensell
and Hosston hydrostratigraphic units).

Since the late 1800’s, groundwater withdrawal has dramatically increased in the Dallas-Fort
Worth region and other high-demand areas. In the first half of the 20" century, artesian pressure
dropped several hundred feet in some areas, at rates as high as 20 feet per year. However, since the
development of surface water resources in some areas, Trinity production has decreased, and

groundwater levels have risen or stabilized in response to this pumpage reduction (Kaiser, 2002).
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4.4.1 Data and Methods

Water level data developed during the last century were compiled from the TWDB groundwater
database. These data were evaluated and used to create hydrographs and water level maps for each
of the aquifer units in the model area. Only “publishable” and “good measurement” data (as defined
by the appropriate database code) were selected for use in the hydrographs and water level maps.

Hydrographs were constructed for any well producing from one of the aquifer units being
modeled in this study. These graphs were constructed for wells that had either data spanning lengthy
periods of record (greater than 10-15 years), data recorded during either the calibration or
verification periods (i.e. 1980-2000), or wells with a large number of water level measurements.
More than 750 hydrographs were constructed for this study. There are many subregions within the
study area that contain a disproportionately large number of wells for which hydrographs were
constructed, and in some cases, the hydrographs within these subregions do not correlate well with
each other.

In order to construct water level maps for 1980, 1990, and 2000, data were extracted from the
TWDB database for these particular years. In an effort to populate these datasets with as many
measurements as possible, water levels for two years on either side of the target year were selected
(e.g. 1978 to 1982 data were used to create the 1980 data set). To minimize the possible effects from
pumping, only water levels for November, December, January, February, and March were selected.
Because data could be selected from five different months over a five-year span for each of the three
target years, most wells contained several water level values in the resulting data set. Following the
initial selection process, the datasets were evaluated and redundant values were removed, so that
only one representative water level per well remained in the data set for each target year. While
selecting the representative water level, the data values were evaluated to determine which was
likely the most characteristic of the aquifer water level during that period. When clearly defined, the
water level closest to the target year (i.e. 1980, 1990, and 2000) was selected. When the water levels
for a particular well varied significantly, the data were evaluated to determine which water level to
select. Data that displayed coherent trends were included in the data set, while water level data that
exhibited excessive variation or random trends were excluded.

As described above, very few (if any) predevelopment water level measurements were available
due to the production from these aquifers before 1900. Predevelopment water level maps were

generated based on the analysis of data collated from four sources:

e Available data from Hill (1901) and Fiedler (1934);
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e Maps from Hill (1901) showing locations of flowing artesian wells and other wells
for the Woodbine, Paluxy, and Trinity aquifers. These maps also indicate areas where

flowing artesian wells would be expected;

e Hydrographs for wells throughout the study area. For example, reverse extrapolation
of more recent historical water level measurement may suggest predevelopment

conditions in some areas;

e Maps constructed by Mace et al. (1994). However, as described above, these 1900
water level maps indicated some influence of late-1800’s groundwater production

from these aquifers.

Once a representative data set was constructed for a particular aquifer in a particular year, the
data were posted and contoured. Representative water level contours were drawn for each map;
however, it is important to note that due to the scale of these maps, and the high degree of variability

in the data, not all data points were honored when creating the water level contours.

4.4.2 Predevelopment Distribution of Hydraulic Head

The earliest available water level measurements for the Woodbine, Paluxy, and Hosston/Trinity
aquifers are shown in Figures 4.20, 4.21, and 4.22, respectively. Older sources of water level
measurements do not typically differentiate between the Hensell and Hosston, simply describing
these units as the Trinity aquifer. For this reason, the combined term Hosston/Trinity is used herein
to describe the water levels associated with the Lower Cretaceous aquifers in the study area.

In all cases, water levels tend to follow the topography in outcrop areas, and then flatten out in
the downdip, artesian portions of the aquifer. Gradients of approximately 5 to 10 feet per mile were
estimated in the artesian portions of the Woodbine and Paluxy, while a gradient of about 4 to 7 feet
per mile is inferred for the Hosston/Trinity. Flow within the Trinity/Woodbine was in a downdip
direction away from the outcrop areas and towards the Luling-Mexia-Talco Fault Zone. A
comparison of the predevelopment water levels for the Woodbine, Paluxy, and Hosston/Trinity
shows progressive increases in the elevation of the potentiometric surface in the deeper units,
indicating upward flow.

It is important to note that many (if not all) of the water levels shown in Figures 4.20 through
4.22 likely do not represent true predevelopment conditions. According to Hill (1901), hundreds of
wells had been drilled into Trinity/Woodbine sediments prior to the dates of most measurements.
Many of these wells were flowing artesian wells, which continually discharge groundwater after

construction. Because these wells depressed the potentiometric surface associated with the

4-39



Trinity/Woodbine aquifers, the recorded water level elevations are lower than the true
predevelopment water level elevations. The amount of predevelopment water level depression
experienced undoubtedly varied with location; the magnitude and extent of the cones of depression
associated with early wells were affected by the hydraulic properties of the aquifer, boundary
conditions, and the rate of discharge from the wells. Near the Waco well field, it is estimated (based
on pumpage records and the average pump test transmissivity for the area) that more than 200 feet of

artesian pressure decline likely occurred prior to the earliest water level measurements.

4.4.3 Postdevelopment Changes in Hydraulic Head

Beginning in the late 1800’s, development of the Trinity/Woodbine resulted in changes in the
potentiometric surfaces in many regions of the study area. This development, coupled with the
relatively low transmissivities of these aquifers, produced comparatively large artesian pressure
declines near population centers in Central and North-Central Texas. For example, in the Dallas-Fort
Worth area, declines of over 1,000 feet in the artesian pressure surface associated with Trinity
groundwater occurred during the 20th Century. Conversely, historical water level measurements
suggest that no significant regional declines have occurred in Trinity/Woodbine water table levels.
As illustrated by Figures 4.23 and 4.24, outcrop water levels have exhibited both minor increases
and minor declines (typically much less than 10 feet) during the past 50 years.

Seasonal water level fluctuations were evident in many of the wells included in the evaluation.
The most pronounced annual variations were recorded in wells completed the artesian portions of the
Trinity/Woodbine, and are presumably due to seasonal changes in pumping rates from the aquifers.
Annual fluctuations of as much as 60 feet were evident in wells in the middle of major urban
pumping centers such as the Cities of Dallas, Fort Worth, and Waco. In smaller municipalities,
fluctuations were also evident. The City of Gatesville (Coryell County/Hosston aquifer) had
somewhat irregular 10 to 20 foot declines between 1993 and 2000. Wells in the City of Stephenville
area (Erath County/Twin Mountains aquifer) exhibited consistent 10 to 20 foot summer water level
declines. The City of Hurst (Tarrant County/Paluxy aquifer) showed 5 to 10 foot declines every year
from 1973-98.

Conversely, many wells showed very small or zero declines in water level during the summer
months. Many of these wells were located in rural areas, although some are located in and around
larger municipalities, such as the Cities of Temple, Coryell City, and Waxahachie.

Representative hydrographs for the Woodbine, Paluxy, Hensell, and Hosston aquifers are shown
in Figures 4.25 through 4.28. Of the more than 750 hydrographs that were constructed for this

project, 24 are presented in these figures as representative of these hydrostratigraphic units.
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Figure 4.25 shows six hydrographs of water levels in wells completed in the Woodbine aquifer.
Because significant production from this aquifer and declines in water levels occurred prior to the
water level measurement dates shown in this figure, much of the declines that have occurred are not
reflected in these hydrographs. As illustrated, decreases in water levels of over 200 feet have been
observed since 1964 in the downdip portions of the Woodbine aquifer. Water level trends in the
outcrop areas vary, maintaining relatively constant values in some regions, while exhibiting declines
in other areas. However, declines in the outcrop areas may not be entirely due to regional declines in
water levels, but may instead be a response to local pumping conditions in that part of the outcrop
area and also partially reflective of artesian pressure decline in adjacent, lower strata.

Figure 4.26 shows six representative hydrographs for the Paluxy aquifer. As with the Woodbine,
significant groundwater production occurred in the Paluxy prior to 1949, and declines due to this
early pumpage are not reflected in these hydrographs. As shown, declines of over 100 feet have
occurred over less than a 20-year period in some downdip areas of the Paluxy. Although reductions
in outcrop water table elevations resulting from localized pumpage have been observed in some
areas, water levels in the outcrop portions of the aquifer generally do not indicate long-term, regional
declines.

Figure 4.27 shows six representative hydrographs for the Hensell aquifer. As with the Woodbine
and Paluxy aquifers, production from the Hensell occurred prior to 1955, and reduction in water
levels due to this production are not reflected in these hydrographs. Production from the Hensell is
generally not as great as from the lower Hosston Formation, and some of the declines observed in
the Hensell may be due to the downward leakage of water in response to pumpage from the Hosston.
Most production from the Hensell has occurred in the southern portion of the study area, with
artesian pressure declines of over 350 feet reported near Waco. Well No. 40-30-603 in McLennan
County is a typical hydrograph for a Hensell well in the Waco area, with significant reductions still
occurring into the 1990’s. Some declines have been observed in the outcrop portions of the aquifer;
however, as described above, this may be a response to localized pumping in the outcrop area or
partially reflective of artesian pressure decline in lower, adjacent strata.

As described in Section 2.2, the individual members of the Travis Peak Formation are not
always distinguishable in geophysical logs. Stratigraphic complications also occur in areas where the
Glen Rose carbonates pinch out, allowing contact (nomenclaturally) between the Paluxy and the
Lower Trinity aquifers. In these areas, screened aquifers are often reported as one of three composite
formations: 1) Travis Peak, 2) Twin Mountains, or 3) Antlers Sand. Analysis of the available data
suggests that the potentiometric surface of the Hosston most closely matches the water levels

reported for wells completed in these composite formations. Because of this, the water level data
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associated with the composite formations were combined with Hosston data in an effort to depict the
regional potentiometric surface of the Hosston/Trinity aquifer(s).

Figure 4.28 shows six hydrographs for wells completed in the Hosston, Twin Mountains, Travis
Peak, and Antlers aquifers. As with the Woodbine, Paluxy, and Hensell aquifers, a significant
amount of production occurred in the Hosston/Trinity prior to 1945, and declines due to this
production are not reflected in these hydrographs. As shown, reductions in artesian pressure of over
600 feet have been recorded since 1945. Historical water levels in Well 40-31-802 in McLennan
County decline from 1945 until the present, which is typical for the Waco area. Well 58-29-603 in
Williamson County shows about 200 feet of decline in the interval between 1950 and 2000. Water
levels in the outcrop portions of the Hosston/Trinity also show small declines in some areas (per
previous stated reasons), but regional declines were not observed. Potentiometric surface maps for
each of these aquifers were also developed for 1980, 1990, and 2000. A brief description of each is
given below.

Woodbine water level maps for 1980, 1990, and 2000 are shown in Figures 4.29, 4.30, and 4.31.
As shown in Figure 4.29, artesian pressure declines of over 250 feet in some areas had occurred in
this unit by 1980. Water levels have declined several hundred feet and cones of depression are
evident in the Dallas and Grayson County areas. The cone of depression around Sherman, in
Grayson County, continues to develop in 1990 and 2000, while water levels in Dallas remained
relatively stable.

Paluxy water level maps for 1980, 1990, and 2000 are shown in Figures 4.32, 4.33, and 4.34. As
seen in Figure 4.32, a cone of depression had formed in the Dallas-Fort Worth area in the Paluxy
aquifer by 1980. This cone of depression may have expanded slightly by 1990, but in general,
significant water level declines or an expansion of the cone of depression in the Dallas-Fort Worth
area were not observed between 1980 and 2000. Most groundwater flow is towards pumping centers
in the Paluxy, in particular the Dallas-Fort Worth area.

Hensell water level maps for 1980, 1990, and 2000 are shown in Figures 4.35, 4.36, and 4.37.
As seen in Figure 4.35, a cone of depression had formed in the Waco area in the Hensell by 1980.
Between 1980 and 2000, this cone of depression continued to expand, with water levels in the Waco
area declining more than two hundred feet in some areas during this 20-year period. Gradients have
increased to between 10 to 20 feet per mile, with estimated gradients in excess of 30 feet per mile
near Waco. Groundwater flow in the Hensell continues to be in the downdip direction, with a major
component flowing towards the major pumping centers in Waco.

Hosston/Trinity water level maps for 1980, 1990, and 2000 are shown in Figures 4.38, 4.39, and
4.40. As shown in Figure 4.38, cones of depression had formed by 1980 in the Dallas-Fort Worth,
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Waco, and Sherman areas. Between 1980 and 2000, continued artesian pressure decline resulted in
the formation of a single cone of depression stretching from Grayson County to McLennan County.
Groundwater gradients in the artesian portion of the Hosston/Trinity have increased from estimated
predevelopment gradients of 4 to 7 feet per mile to between 15 and 30 feet per mile, with even larger

estimated gradients near major pumpage centers.
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Figure 4.26 Paluxy Historical Water Level Hydrographs
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Figure 4.27 Hensell Historical Water Level Hydrographs
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Figure 4.28 Hosston/Trinity Historical Water Level Hydrographs
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4.4.4 Regional Groundwater Flow

Regional groundwater flow discussions from Nordstrom (1982), Nordstrom (1987), Klemt et al.
(1975) and numerous other publications were reviewed for the GAM project. In addition,
potentiometric surface maps generated for this study were used to help evaluate groundwater flow
patterns for the Trinity/Woodbine. Predevelopment flow patterns were difficult to define due to the
lack of early water level data, and very little discussion of predevelopment water levels or
groundwater flow patterns was found in the references reviewed. Conversely, the large quantity of
water level data reported during the last 50 years allowed for a relatively detailed evaluation of
recent groundwater flow patterns and trends.

Prior to groundwater development, water levels in the outcrop areas tended to mimic surface
topography. Localized, unconfined groundwater flow occurred towards seeps, streams, rivers, and
other drainages, which accounted for much of the groundwater movement and discharge in the
outcrop areas. There was also a downdip, regional component of groundwater flow from the outcrop
areas towards the artesian section of the aquifers. Once reaching the artesian portion of an aquifer,
groundwater flow continues in a downdip direction, but with a significantly reduced hydraulic
gradient. During predevelopment conditions, groundwater is believed to have migrated upwards
through overlying strata. However, based on the low hydraulic gradients in the artesian portion of
these aquifers and the relative impermeability of the overlying confining units, the rate of upward
discharge from the artesian sections was likely small.

Groundwater flow in the study area was significantly altered by the development of these
aquifers. In and near the fresh water (<1,000 mg/l TDS) portion of the aquifer, nearly all of the
discharge from the artesian section of the aquifers is now to pumpage, and groundwater flow in the
artesian portions of the aquifer is towards the pumping centers. As described above, hydraulic
gradients in the artesian areas have increased significantly, especially near areas of more intense use.
Water levels in the Woodbine and Paluxy are now higher than in the underlying Hensell and
Hosston, indicating a downward direction of interformational leakage in and near the major pumping

centers.
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4.5 Recharge

Inflow to the Trinity and Woodbine aquifers occurs through the infiltration of precipitation in
outcrop areas, interformational leakage, and through the interaction between surface-water bodies
(streams, rivers, lakes) and the underlying aquifers. For the purposes of this GAM, recharge is
defined as the infiltration of precipitation to the water table on the outcrop portions of the aquifers
being modeled. The infiltration of water from surface water bodies and vertical leakage from
adjacent hydrologic units are evaluated individually and described in later sections of this report.

Previous estimates of recharge rates to the Trinity aquifer were compiled by Scanlon et al.
(2002), and are presented in Table 4.9. Scanlon noted that, in general, recharge to the Trinity was
estimated to be between 0.1 and 2 inches per year (in/yr). However, previous estimates of recharge
to the Trinity have varied widely, ranging anywhere from less than 0.1 inches per year to 6 inches
per year (roughly equivalent to less than 1% to greater than 14% of annual average precipitation).
This range probably reflects the uncertainty inherent in estimating recharge, the methodology used to
make the estimates, and the variability in the hydraulic conductivity of the Trinity/Woodbine
geologic materials. As noted in the table, a wide variety of methods was used to make these recharge

estimates, with groundwater modeling as one of the more common techniques employed.

Table 4.9 Previous Recharge Estimates for the Trinity Aquifer

Recharge rate

Location B (in/yr) | Reference Technique
Kendall 1.3 Ashworth, 1983 Baseflow discharge
Hill Country 1.5 (0.07 - 4.6) Bluntzer, 1992 Baseflow discharge
Northern Trinity 4.4 Dutton et al., 1996 Groundwater modeling
Northern Trinity 0.04-0.3 Dutton et al., 1996 Groundwater modeling
Northern Trinity 1.2 Klemt et al., 1975 Assumed
Hill Country 2.2 Iél;ﬁllagféliljyl 31913 Groundwater modeling
Hill Country 2.1-6.0 Kuniansky, 1989 Baseflow
Kendall 2.2 Mace et al., 2000 Baseflow
Hill Country 1.4 Mace et al., 2000 Groundwater modeling
Kendall 1.5 Reeves, 1967 Baseflow
Kerr 1 Reeves, 1969 Baseflow

Source: Scanlon et al., 2002.

Previous estimates of recharge rates to the Woodbine aquifer were compiled from available
references. Nordstrom (1982) estimates that less than one inch per year is recharged on the sandy
portions of the Woodbine outcrop. No other original estimates of recharge for the Woodbine aquifer

were identified in any of the reports reviewed.
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4.5.1 Recharge Factors

Factors that influence the amount of precipitation that infiltrates and becomes recharge to an
aquifer include:

Precipitation
Evapotranspiration
Soil Type

Soil Permeability
Land Use

Surface geology
Topography

Each of these factors is evaluated and discussed below. The methodology that was ultimately
used to estimate the potential recharge for input into the model is described at the end of this section.

Precipitation - The rate and volume of precipitation that falls onto outcrop areas exerts a strong
influence on the amount of recharge that ultimately reaches the saturated portion of an aquifer.
Because the study area 