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ABSTRACT

This report defines hydrologic properties and describes rates and modes of ground-water flow in
weathered and unweathered Austin Chalk and Ozan (“lower Taylor Marl”) and Eagle Ford Formations
at the Superconducting Super Collider (SSC) site in Ellis County, Texas. Fractures probably are the
primary conduit of ground-water flow in these formations because unfractured bedrock has low
hydraulic conductivity. Distribution and fabric of detrital versus authigenic clays, rather than total
clay content, influence the mechanical properties and log-response character of chalk and marl. The
middle Austin Chalk typically has lower fracture intensity and abundance, greater ductility, lower
porosity, and lower average hydraulic conductivity than the upper and lowermost Austin.

Precipitation over upland drainage divides percolates into the ground and moves downward
through the soil zone and weathered bedrock to the water table. Water levels in both weathered and
unweathered bedrock generally mimic topography, reflecting a dynamic balance between rate of
recharge from precipitation and rates of discharge by evapotranspiration, flow to springs and seeps,
and pumping of wells. Ground water percolates along vertical fractures and horizontal bedding-plane
joints and through the more permeable sedimentary layers. Flow paths are generally eastward but bend
toward discharge points in springs and seeps in the valley bottoms and stream banks. Vertical
movement is retarded by unfractured, low-permeability beds. Only a small amount (<1 percent) of the
ground water moving through the surficial weathered bedrock moves downward into unweathered,
low-permeability bedrock. Vertical circulation of ground water in fractured zones locally is deep. At
the eastern gide of the SSC, ground water moves downward from the Ozan into the Austin beneath the
upland drainage divides but upward from the Austin through the Ozan beneath stream valleys.

Hydraulic conductivity of the weathered Austin Chalk ranges from 0.0015 to 64.16 ft/d (10828 to
10365 m/s) and decreases with depth. Transmissivity, ground-water flow rate, and potential for
contaminant transport vary seasonally as the water table fluctuates within the weathered zone.
Hydraulic conductivity of unweathered Austin Chalk ranges over 6 orders of magnitude from 10490 to
107997 £t/d (10-11-5 to 103> m/s). Average hydraulic conductivity of fractured chalk statistically

differs among the four subdivided units of the Austin Chalk.



Chemical composition and salinity of calcium-bicarbonate to sodium-chloride ground waters

appear to be controlled by mineralogic reactions and incomplete flushing of ancient seawater by
circulating recharge water during the time that the stratigraphic section has been in its present
hydrological setting. Flushing of marine salts is most complete in the near-surface weathered zone and
in unweathered bedrock where fractures are most abundant and interconnected. The 4C and 3H data
suggest that ground water in fractured bedrock was recharged within the last 40 to 50 years. Ground
water in bedrock with less well interconnected fractures was possibly recharged within the past 15,000
to 20,000 yr, and average ground-water age in unweathered, unfractured bedrock is 1 million years. The
local geothermal gradient matches the regional gradient of 1.7°F/100 ft (30.3°C/km).
There are 419 wells on SSC land parcels and 40 wells within 150 ft (45.72 m) of the accelerator beam
line. Most of the located wells are shallow dug wells less than 50 ft (15.24 m) deep and 15 percent are in
the regional confined aquifers at depths in excess of 420 ft (128 m). Only about 13 percent of the shallow
wells on the SSC footprint are being used. As many as 2,700 shallow wells might be unused or abandoned
in the entire study area in Ellis County. Many are in poor repair and have been used for disposal of
trash, creating a potential for contamination of the shallow aquifer.

Three numerical models of ground-water flow were constructed and used as tools to better
understand the parameters that control ground-water flow paths and travel times at the SSC site: a
“West Campus” model, an “Ellis County” model, and an “Interaction Hall” model. These models can be
modified to locate optimum locations of ground-water monitoring wells and to predict travel time
between specific SSC facilities and a monitoring well.

Analysis of ground-water flow at the interaction hall IR8 shows that (1) total inflow probably
will be less than 2,000 gal/d (1040 m3/s) and will decrease with time, (2) ground water will be
captured from at least 115 ft (35 m) away in the Ozan and 492 ft (150 m) in the Austin, and (3) fluid
pressure drawdown and capture-zone size would be cost-effectively increased with drainage holes
limited to two rows on northern and southern walls, each with more columns of boreholes located at the

middle and the bottom of the wall.



INTRODUCTION

The Superconducting Super Collider (SSC) is designed as a state-of-the-art particle accelerator to
explore the basic structure of matter at energies 20 times higher than can be done with existing particle
accelerators. The intent of the SSC is to accelerate two beams of protons each to an energy of 20 trillion
electron volts (20 TeV), near the speed of light, and monitor the results of collisions between proton
beams at energies of 40 TeV in controlled experiments. The U.S. Department of Energy (DOE), after a
national competition in November 1988, identified the site in Ellis County, Texas (fig. 1), as the
preferred location for the SSC Laboratory (SSCL). In August, 1993, the DOE terminated construction of
the SSC.

The S5C collider ring would have been 54 mi (87 km) in circumference and located in a 14-ft-
diameter (4.3-m) tunnel at an average depth of 150 ft (45.7 km) below ground surface in the Cretaceous-
age Eagle Ford Formation, Austin Chalk, and Ozan Formation (“lower Taylor Marl”) (fig. 2). The SSC
facilities can be grouped into East Campus and West Campus areas, where laboratory and office
buildings and experimental halls would have been located, and north and south arcs of the collider
tunnel (fig. 2). The suitable geology of the site was among the most important criteria for selecting the
Ellis County site. The bedrock is soft and easily mined, yet competent to stand unsupported in
excavations, and has generally low permeability that limits potential for ground-water flow. On the
basis of existing regional data, difficulties for construction were expected to be minimal and
environmental impacts on surface and ground water were expected to be very low. Nonetheless, needs
remained for additional information on the hydrogeology of the SSC site with which to address
ground-water-related issues and to design a cost-effective ground-water monitoring program. In
particular the following information was needed to supplement existing regional data:

° position and variability of the water table in each hydrologic unit,

¢ location of water wells on properties affected by the SSC,

* background or ambient water level and water quality in host formations and other hydrologic

units potentially impacted by construction and operation of the SSC,
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Figure 2. Generalized geologic map of part of Ellis County in north Texas, outline of SSC project area,
and location of boreholes used for stratigraphic and hydrogeologic data.



» hydrogeologic controls on recharge, discharge, flow rates and flow paths,

* Dbasic data on hydrogeologic properties, and

e potential for ground-water contamination.

This report presents results of a comprehensive hydrogeologic investigation designed to establish
the hydrologic properties and conditions of the SSC site in sufficient detail to address these needs.
Field hydrologic studies and hydrologic modeling were carried out to better define rates and modes of
hydrologic processes at the SSC site. The work has been conducted in three phases. Phase I (April 1990
to September 1991) studied ground water in surficial alluvium that overlies bedrock along the
northeastern side of the SSC ring (Wickham and Dutton, 1991). Phase II (November 1990 to August
1993) focused on ground water in the Austin Chalk and Ozan and Eagle Ford Formations that will host
the subsurface SSC facilities but included additional measurements in surficial alluvium and
weathered chalk and marl bedrock. Phase III (June 1992 to August 1994) involved an assessment of
water resources and prediction of future water-level changes in the deep regional aquifers that underlie
the SSC site.

Results of the Phase II investigation are the topic of this report. The scope of work included
geologic studies to support the hydrologic investigations, a comprehensive inventory of water wells,
monitoring water levels at more than 120 public, private, and SSC project wells, analyses of chemical
composition of ground water, hydrologic testing, and use of numerical models as tools for interpreting
ground-water flow.

The two sections of this report after this introduction outline the hydrogeologic setting of the SSC
site and the methods used in this investigation.

The next two sections present a detailed description of the geologic characteristics of the Austin
Chalk at the SSC site. Part of the purpose of this stratigraphic analysis was to better understand the
controls on fracture intensity. Ellis County, where the SSC is being built, lies at the northern end of the
Balcones Fault Zone (fig. 1). Fractures associated with small normal faults and open folds in the Austin
Chalk and the Eagle Ford and Ozan Formations will be intersected by SSC tunnels. These fractures are

the pathways for regional ground water flow as well as for movement of potentially radioactivated



ground water in the vicinity of the SSC. Knowledge of site-specific fracture characteristics and ground-
water flow velocity at the SSC remains limited because geologic and hydrologic data collected at
ground surface during this study can be used to determine only general indications of subsurface
conditions.

Results and discussion of hydrologic studies follow in the succeeding sections, including a summary
of ground-water resources, an inventory of water wells that reflects past development of ground-water
resources, and description of hydrogeologic properties and water chemical composition of the various
hydrologic units. Interpretations are made of recharge and ground-water flow rates, sources of ground
water and its age or water residence time, the role of springs and seeps in the local hydrological cycle,
artesian conditions, influence of fractures on ground-water flow, and effects of SSC construction on
ground-water flow. Numerical models of ground-water flow are constructed based on these hydrologic
measurements and include a “West Campus” model, an “Ellis County” model, and an “Interaction Hall”

model.

REGIONAL HYDROGEOLOGIC SETTING

Hydrologic Units

The main hydrologic units in the Ellis County area, in order of increasing depth, are (table 1):
* local surficial aquifers in Quaternary alluvium and weathered Cretaceous bedrock near
land surface,
* aregional confining system in unweathered Upper Cretaceous bedrock of the Austin Chalk,
and the Ozan (“lower Taylor Marl”) and Eagle Ford Formations, and
e a regionally confined aquifer system with principal units in the Upper Cretaceous
Woodbine and Lower Cretaceous Paluxy and Twin Mountains Formations. The Paluxy and

Twin Mountains Formations together make up the Trinity Group aquifer (Nordstrom, 1982).



Table 1. Geologic units in the region.

Era System Series Group Stratigraphic Unit
Holocene Alluvium
Cenozoic Quaternary
Pleistocene Fluviatile terrace deposits
Wolfe City Formation
Taylor
Ozan Formation
“lower Taylor Marl"
Qul Austin Austin Chalk
Mesozoic | Cretaceous Eagle Ford Shale
Eagle Ford Formation
Woodbine undifferentiated
Washita undifferentiated
undifferentiated
Fredericksburg
Comanche Paluxy Formation
. 2 S | Glen Rose Formation
Trinity K
€ E Twin Mountains
<o Formation
QA17455¢




Surficial Aquifers

Unconfined and semi-unconfined aquifers of limited extent overlie the low-permeability chalk,
marl, and shale bedrock in Ellis County. These surficial aquifers consist of alluvium and weathered
Cretaceous bedrock. Discontinuous patches of Pleistocene and Holocene stream-valley alluvium that
compose unconfined and semi-unconfined aquifers lie unconformably above the Cretaceous formations
(Wickham and Dutton, 1991). The Pleistocene deposits are unconsolidated and typically contain a thin,
basal-pebble conglomerate of fossil fragments, chert, and carbonate-rock fragments in a sandy,
carbonate-rich matrix. Above the basal bed, sediment consists of stratified clay, sand, granules, and
pebbles consisting mainly of carbonate-rock fragments, overlain by calcareous clay with a thick clayey
soil containing numerous caliche nodules. The Phase I study focused on Pleistocene alluvial deposits
that make up the surficial aquifer between Red Oak and Brushy Creeks along the northeastern portion
of the SSC ring in the vicinity of Palmer and Rockett. Alluvial deposits also occur adjacent to the
western end of Bardwell Lake and along the northern side of Chambers Creek. Deposits similar to ones
at the SSC site occur along the Trinity River and its tributaries in Ellis County and parts of North-
Central Texas (Taggart, 1953; Reaser, 1957; Brooks and others, 1964). The alluvial material is normally
small in areal extent and typically less than 50 ft (15.2 m) thick. Erosion during the Holocene stripped
most of the Pleistocene alluvium from the surface, and Modern streams locally have cut through to
underlying bedrock, leaving isolated deposits of Pleistocene alluvium at elevations higher than those
of the surrounding strata (Hall, 1990). These geomorphologic features are referred to as terraces.
Holocene floodplain deposits of clay and silty clay form an alluvial veneer along rivers and streams in
the region and range in thickness from a few feet to more than 30 ft (9.14 m).

Weathering and unloading have significantly increased porosity and permeability of the chalk
and marl bedrock, allowing enhanced recharge, storage, and shallow circulation of ground water in
otherwise tight rock strata. Thickness of the weathered zone is generally less than 12 to 35 ft (3.66 to
10.67 m). Open fractures are the primary means by which ground water is conducted in the bedrock

formations because matrix permeability is low, although matrix porosity is higher in weathered than



in unweathered bedrock. Fracture-controlled springs at ground surface also have been affected by
weathering, unloading, and other surficial modifications to hydraulic conductivity.

Use of ground water from the surficial alluvium and weathered bedrock historically has been to
supply the domestic water of landowners and tenant farmers or to provide water for cattle and horses.

Large-scale cropland irrigation is uncommon in Ellis County.

Unweathered Chalk, Marl, and Shale Bedrock

The subsurface facilities of the SSC will be constructed mainly in low-permeability unweathered

‘bedrock of the Upper Cretaceous Austin Chalk and Ozan (“lower Taylor Marl”) and Eagle Ford -
Formations (table 1). This stratigraphic section composes a regional confining system, which means
that the low permeability of the rock retards the vertical and lateral flow of ground water and
separates underlying aquifers from surficial aquifers. The formations dip as much as 0.54° east-
southeastward from their outcrop in Ellis and neighboring counties in North Texas (Thompson, 1967).
Because the plane of the SSC ring dips less steeply (0.198°) than the formations, the ring crosses from
the Eagle Ford Formation at its westernmost limit into the Austin Chalk and into the Ozan Formation
at its easternmost limit. Approximately 60 percent of the collider ring is in the Austin Chalk,
30 percent in the Ozan Formation, and 10 percent in the Eagle Ford Formation (fig. 2).

Most of the effort of the Phase II hydrologic investigation was on the Austin Chalk and Ozan
Formation. The Austin Chalk is made up of fine-grained chalk and marl deposited in a deep-water
marine-shelf environment. The Ozan Formation is made up of fine-grained marl, calcareous mudstone,
and shale and was deposited in a nearshore (neritic) marine-shelf environment. The Eagle Ford and
Wolfe City Formations are exposed in the westernmost and easternmost vicinity of the SSC project,
respectively (fig. 2). The Eagle Ford Formation is composed of a dark shale with very thin limestone
beds and concretions and pyrite nodules (The Earth Technology Corporation, 1990a). The Wolfe City
consists of thin beds of fine-grained calcareous sandstone interbedded with sandy mai! (Thompson,

1967).

10



Water movement through fractured bedrock of the Autin Chalk and Ozan Formation is restricted
by low hydraulic conductivities, previously measured between less than 1.8 x 10-¢ and 0.55 ft/d
(7 x 1011 and 2.1 x 10 m/s) in field tests (The Earth Technology Corporation, 1990e) and less than
2.8 x 104 ft/d (1 x 10-° m/s) in laboratory tests of core (Texas National Research Laboratory
Commission, 1987, unpublished data). Additional measurements of hydraulic conductivity were made
in this study. Fractures undoubtedly play a significant role in moving ground water in these rocks, as

discussed later.

Regionally Confined Aquifers

Regional aquifers in the Woodbine, Paluxy, and Twin Mountains Formations at depth are confined
in the Ellis County area by the Eagle Ford Formation, Austin Chalk, and Ozan Formation and by minor
confining units, such as those occurring locally in the Washita and Fredericksburg Groups and the Glen
Rose limestone (table 1). The 250- to 375-ft-thick (76.2- to 114.3-m) Woodbine is a medium- to coarse-
grained iron-rich sandstone, with some clay and lignite seams. Depth to the top of the Woodbine ranges
from 600 to 1,000 ft (182.9 to 304.8 m) beneath ground surface at the SSC facility. Most wells are
completed in the lower part of the formation, which yields better quality ground water. Transmissivity
values range from approximately 176 to 1,510 ft2/d (1.9 x 10~ to 1.6 x 103 m?/s) and average about
668 ft2/d (7.2 x 104 m?/s). Nordstrom (1982) referred to the Paluxy and Twin Mountains Formations
together as the Trinity Group aquifer. The Twin Mountains is as much as 550 to 850 ft (167.6 to 259.1 m)
thick in the area and is composed principally of sandstone with a basal gravel and conglomerate
section where most wells are completed. To the east and north of Ellis County, the Twin Mountains is
laterally equivalent to the Travis Peak Formation. The top of the Twin Mountains Formation lies
approximately 1,200 to 1,500 ft (365.8 to 457.2 m) below the base of the Woodbine at depths ranging
from approximately 2,000 to 3,000 ft (609.6 to 914.4 m) beneath ground surface. Transmissivity values
range from approximately 727 to 2,212 ft2/d (7.8 x 104 to 2.4 x 10-3 m2/s) and average about 1,203 ft2/d

(1.3x10-3 m2/s).
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Recharge occurs by precipitation on formation outcrops to the west and northwest of Ellis County,
and discharge occurs by cross-formational flow in the subsurface and by pumping at water-supply wells.
Comparison of water levels measured in 1976 (Nordstrom, 1982) suggests that the vertical flow
component is directed downward between aquifers in the Woodbine and Twin Mountains Formations in
the Ellis County area. Thompson (1967) suggested that average ground-water flow rate in the
Woodbine is 10 to 40 ft/yr (3.05 to 12.19 m/yr). Average flow rate in the Twin Mountains is 1 to 4 ft/yr
(0.31 to 1.22 m/yr). These velocity estimates suggest that the age of ground water in the regional
aquifer system is between approximately 8,000 and 40,000 yr, from west to east across the SSC site in
Ellis County.

Ground water use from the deep regional aquifers has gradually increased during the past 30 yr
and more than doubled in Ellis County from 1974 to 1988, reaching almost 9,000 acre-ft/yr (11.1 x
106 m3/yr). Predevelopment water levels in the co~fined aquifers were reportedly near or above land
surface (Thompson, 1967), and direction of ground-water flow is inferred to have been to the southeast
(Nordstrom, 1982). A major cone of depression in the potentiometric surface of the Trinity aquifers,
owing to the ground-water withdrawals, is centered in the Dallas-Fort Worth area and extends toward
the southwest across Ellis County (Nordstrom, 1982). The direction of ground-water flow in Trinity
aquifers beneath the SS5C ring actually is northwestward toward the Dallas-Fort Worth area under
present conditions. During the 1980’s the rate of increase in demand for ground-water supplies decreased
regionally as new surface-water supplies became available. Waxahachie and Ennis have turned
completely to surface-water sources. A few municipalities in the area, including Italy, Glenn Heights,
and Midlothian, use ground water for as much as 60 percent of their water. The Texas Water
Development Board projects a fairly constant municipal use of ground water from 1990 to 2020 (B. Moltz,
unpublished data from Texas Water Plan, 1991). These projections are based on population-growth
models. It is possible that water levels will continue to decline during the next 40 yr even if pumpage
decreases, if ground-water withdrawals exceed inflow from recharge areas. The possible magnitude of
future decline, considering projected demand, recharge at the distant outcrop, and regional ground-

water flow, has not been adequately addressed.
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Physiography, Climate, and Land Use

Ellis County lies in the Blackland Prairie physiographic province of the West Gulf Coastal
Plain. The area lies in the Trinity River watershed. Drainage is largely dendritic, but in some areas
stream positions in the Austin Chalk outcrop are controlled by fractures or faults. Regional topography
consists of low floodplains, broad, flat upland terraces, and rolling hills. Topographic slope is
generally toward the southeast at approximately 0.27°. Topography is remarkably flat across the
surface of Pleistocene terraces. The outcrop of the lower Ozan Formation forms rolling hills with
highly dissected slopes. Topography over the Austin Chalk outcrop consists of smooth, broad hills
with crests of resistant limestone strata. The White Rock Escarpment marks the western limit of the
Austin Chalk. The Eagle Ford Formation underlies the broad valley west of the White Rock
Escarpment. Land-surface elevation across Ellis County ranges from about 300 ft (91 m) above mean sea
level on the lower part of the Trinity River floodplain to about 800 ft (244 m) on the White Rock
Escarpment.

Ellis County lies on the boundary between the subtropical humid and subtropical subhumid
climatic zones (Larkin and Bomar, 1983). Major climatological factors are the onshore flow of tropical
maritime air from the Gulf of Mexico and the southeastward movement of weather fronts across the
continental interior. Average low temperature during January, the coldest month, is about 33°F (0.56°C),
and average high temperature during July, the hottest month, is about 97°F (36.1°C). Winter and spring
are the wettest months, whereas summer rainfall is low. Average annual precipitation is 34 inches
(86 cm) in the western part of Ellis County and 38 inches (97 cm) in the eastern part (Thompson, 1967;
Larkin and Bomar, 1983). Average annual gross lake-surface evaporation rate is approximately
64 inches (163 cm) in northeastern Ellis County (Larkin and Bomar, 1983).

The economy of the study area is dominated by agriculture, the principal crop being cotton,
although sorghum, hay, corn, oats, wheat, barley, and soybeans are also grown. A variety of pesticides
and herbicides are used on the crops throughout the area; the most commonly used agricultural

chemicals in Ellis County are Atrazine, arsenic acid, Poast, Treflan, Fusilade, Roundup, Tilt, and Glean
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(G. Moore, personal communication, 1990). Some livestock is raised. There are several quarries of

varying size in the study area that yield limestone, sand, and gravel.

METHODS
Stratigraphy

Variations of petrology and composition within the Austin Chalk, uppermost Eagle Ford
Formation, and lowermost Ozan Formation were analyzed in cores from the SSC site (fig. 2). This task
was designed to evaluate the correlation of depositional facies and stratigraphy with fracture
occurrence and fracture intensity. The Austin Chalk was subdivided into several mappable subsurface
zones based on gamma-ray log patterns. A composite stratigraphic section of the entire Austin Chalk
was developed on the basis of six slabbed cores, four additional unslabbed cores, and accompanying
ganuné-ray logs. Additional cores wére examined to study lateral changes. Thickness of chalk and marl
beds, sedimentary structures, grain size, relative clay content, and macrofauna in the Austin Chalk
were logged. Rock color was described using the rock-color chart of the Geological Society of America.
Petrologic examination of 109 samples included transmitted-light microscopy of thin sections.
Hydrochloric acid-insoluble residues were made, and grain size, total organic carbon, and clay
mineralogy of the insoluble component were determined. Composition and fabric of fractured and etched
chalk chips were examined by scanning electron microscope (SEM). Stable isotope composition of §13C
and 3180 of calcite in the Austin Chalk was measured by mass spectrometry, and porosity and
permeability were measured in 1-inch-diameter (2.54-cm) plugs taken from core at selected intervals.

Regional study of the Austin Chalk involved correlation of data from commercial wireline logs,
cores, and thin sections. Data also were compared from the overlying Taylor Group and underlying
Eagle Ford and Buda Formations but to a lesser extent. Gamma-ray logs were used, and log spacing was
designed to examine regional facies changes. Most core a1.  zood-quality logs are from hydrocarbon-

producing areas of South Texas (fig. 1).
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Fracture Studies

Austin Chalk exposures that were studied included quarry walls, road cuts, and natural outcrops,
mainly along stream courses. Photographic collages were used for base maps, and electronic
distance-measuring devices were used for accurate spacing and length measurements. Fracture spacing
was gauged in traverses as long as 1,660 ft (500 m), and fractures were mapped at scales of 1:25 to 1:40
adjacent to faults and in traverses perpendicular to the predominantly northeasterly fracture strike.

Subsurface information collected by The Earth Technology Corporation (1990a) in the vicinity of
the SSC was reexamined. The information comprises core and geophysical logs from 86 vertical wells
and 13 slant wells in the Austin Chalk and stratigraphically adjacent units. Core depths are shallow,
ranging from near surface to 425 ft (130 m). Of a total of 12,765 ft (3,890 m) of 2-inch (5-cm) diameter
core, about 11,880 ft (3,621 m) is from chalk not cut by large faults (greater than 15 ft [4.6 m]), providing
an excellent perspective on the attributes of regional fracture patterns as seen in core. As discussed later,
information on fracture characteristics and fracture distribution was compared to measurements of

hydraulic conductivity and chemical composition of ground water.

Well Inventory

Results of a census by Universal Field Services (UFS) mailed to local property owners served as a
starting point for a detailed inventory and mapping of water wells. The UFS census asked owners if
they had wells on their property. Results were used to prioritize initial field mapping of wells on
identified SSC land parcels. Owners or residents of remaining parcels who were not reached by the
census were contacted by telephone to arrange a property inspection. Even if the owner indicated that
there were no wells, the property was inspected from the road. Any well that had been filled, capped,
or abandoned was also mapped and any possible measurements made. For areas off the SSC site,
property inspection from roadways and owner interviews provided the necessary information for

locating wells.

15



At each parcel visited, the well was located as accurately as possible on a blueline copy of
1:4,800-scale aerial photographs. Where these detailed aerial photographs were unavailable inside
and outside the ring, wells were approximately located on 1:24,000-scale, 7.5-minute topographic maps.
Thorough measurements of well depth, diameter, casing height above ground surface, and so forth were
made at 362 of the shallow wells. Due to time constraints, each well not on the SSC site was not
measured. Data concerning contact with the owner, owner response, and well measurements were
recorded on standardized well inventory data forms. Forms were organized in numerical order by parcel
number. Each well location was digitized from the aerial photographs or topographic sheets and
assigned NADS83 state plane coordinates. Information from well inventory data forms also was
transferred into a computerized data base.

Well data are presented in two appendices. Wells located on parcels near the SSC footprint and
on the east and west campuses are included in appendix A. Wells located inside and outside the ring are

included in appendix B.

Water-Level Monitoring

Water levels were measured to determine the magnitude, frequency, and seasonality of
fluctuations. This information is useful for interpreting the nature and amount of recharge to unconfined
aquifers and the degree of isolation of ground water in low-permeability rock. Water levels also were
measured as part of hydrologic tests and to map the distribution of hydraulic head in the subsurface for
estimating direction of ground-water flow. Water-level measurements in surficial alluvium and
weathered bedrock were made monthly in 45 shallow wells and each quarter in an additional 50 wells
(fig. 3). The wells were selected for monitoring on the basis of their distribution across the study area,
depth, geology, well condition, and accessibility. Water levels also were monitored in the 37 wells
constructed by The Earth Technology Corporation (TETC) (1990c, d) between May 1989 and
September 1990. Measurements in the Superconducting Super Collider Laboratory (SSCL) monitoring
wells made before December 1990 were by TETC, after which time the Texas Bureau of Economic

Geology (BEG) monitored water levels. The screen interval of the SSCL monitoring wells was set at
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Figure 3. Locations of monitoring wells in weathered bedrock and alluvium used for monthly and
quarterly water-level measurements.
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the approximate depths where the SSCL subsurface facilities would be constructed. Subsequent design
revisions decreased the dip of the plane of the collider ring, however, resulting in many of the
monitoring wells on the eastern half of the collider being quite deeper than the final-design collider
elevation (The Earth Technology Corporation, 1990c, d). Nonetheless, these monitoring wells in the
low-permeability chalk and marl provide a valuable and unique basis for mapping hydraulic head,
determining the nature and magnitude of short-term, seasonal, and long-term fluctuations in water
Ievels, and interpreting geologic controls on the occurrence and movement of ground water in the region

around the SSC ring.

Water levels were obtained with an electric probe, steel tape, or a pressure transducer. With
either the electric probe or steel tape, depth to water was measured relative to the measuring point,
usually the top of well casing. Transducers were hung at a given depth in the water column and
connected to the data logger. The data logger converts strain across the pressure transducers measured by
electrical current to pressure of the water column overlying the transducers and stores the reading in
internal memory. Water-column measurements were programmed to be recorded at regular intervals,
usually set to 0.5 or 1 hr, giving 24 to 48 readings per day. Stored pressure data were downloaded from
the data logger each month and converted to water-level elevations. The various transducers differed
in sensitivity; the precision of water-level reading, therefore, was not the same at each well. At three
of the SSCL monitoring wells (BF3, BE6, and BIR54), wa’ter levels were often above ground surface.
Water pressure at these wells was read with a pressure gauge attached to the well head. Pressure
gauged in units of pounds per square inch (psi) was converted to hydraulic head in units of feet of water
(assuming specific weight of water to be 0.433 psi/ft). Water-level elevation was determined by
subtracting depth to water from measuring-point elevation or by adding pressure head to the
measuring-point elevation.

Data were plotted as hydrographs to track aquifer response to rainfall events and also to study
the magnitude, if any, of daily fluctuations that might be due to evapotranspiration or atmospheric-

pressure changes. Monthly and quarterly measurements of water levels, plotted against time, indicated
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seasonal fluctuations related to recharge and discharge. Plan-view maps of the water table in surficial

alluvium and weathered bedrock were constructed for winter (wet) and summer (dry) months.

Barometric Efficiency

Atmospheric-pressure fluctuations, associated with passing weather systems as well as the daily
cycle induced by warming and cooling of the atmosphere during day and night, can cause water levels to
fluctuate in wells penetrating confined aquifers. Water levels in an open observation well penetrating a
confined aquifer fluctuate in response to atmospheric-pressure changes because aquifers are elastic. In
response to this change in atmospheric pressure, pressure in the aquifer will respond to return to
equilibrium with the atmosphere. Therefore, water will flow into or out of the well to attain this
equilibrium. Water levels in wells in confined aquifers fall in response to increases in atmospheric
pressure and rise in response to decreases in atmospheric pressure. Atmospheric-pressure changes also
can affect water levels in unconfined aquifers. Peck (1960) showed that changes in atmospheric pressure
change the volume of trapped air bubbles above the water table. For example, as atmospheric pressure
increases, air bubbles compress and water levels decrease. Peck (1960) showed that this effect is
greatest where the water table is near lancl surface. The difference between water-level fluctuations in
confined and unconfined aquifers lies in the mechanism causing the fluctuation: compression of solids in
a confined aquifer and compression of entrapped gas in an unconfined aquifer. However, water levels in
even deep unconfined aquifers can respond to atmospheric-pressure fluctuations. Weeks (1979) showed
that changes in atmospheric pressure almost instantaneously affect water levels in a well but that
resistance to gas flow through the unsaturated zone retards the average effect on the water table.

Observing and comparing pressure fluctuations in the atmosphere and aquifer allows aquifer
properties related to rock elasticity, compressibility of water, porosity, and hydraulic conductivity to
be estimated. Thus, monitoring short-term fluctuations in water levels might be used to identify degree
of confinement, to determine hydraulic conductivity, and possibly to estimate rock mechanical
properties. Comparison between wells might yield insight into the spatial distribution of

hydrogeologic properties that control the movement of ground water.
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Theory

If the magnitudes of the atmospheric and water-level pressure fluctuations are known, barometric

efficiency, B, can be calculated as

B, = (1

where

B, = barometric efficiency (unitless),

Ah = amplitude of water level change,

AP, = amplitude of barometric pressure change, and

4Ah and AP, are in equivalent units, for example, of pressure.
Barometric efficiency represents how efficiently the aquifer absorbs atmospheric-pressure fluctuation.
A barometric efficiency of unity indicates that the aquifer is confined and responds fully to the
atmospheric pressure. Barometric efficiency usually falls between 0.20 and 0.75 and can be used as an
indication of the degree of aquifer confinement between fully unconfined, unconfined with delayed
yield, semiunconfined, or fully confined (Kruseman and De Ridder, 1983).

Barometric efficiency is related to the elasticity of the aquifer material (Jacob, 1940):

nkE,
B, m =t (2)
nEs +E,

where
n = porosity,
E; = modulus of elasticity of aquifer material, and
E, = bulk modulus of elasticity of water.
If E,, and n are known, E; can be found. Barometric efficiency can also be related to the specific

storage, S, of the aquifer (Jacob, 1940, p. 582-584):
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where

p = fluid density

g = gravitational acceleration.

One important source of error is time lag in water-level fluctuations (Freeze and Cherry, 1979).
Because aquifer material resists flow, it takes time for the aquifer to respond to the atmospheric-
pressure change. Further slowing the response is the well bore storage. More time is needed to reach
equilibrium in a large-diameter well than in a small well. These resistance and storage effects are

-expressed-as-a phase shift in the water levels (fig. 4). This error is especially important in formations
of low permeability and/or wells of large diameter. Fortunately, time lags and phase shifts can be
determined and the water levels corrected (Hvorslev, 1951). In the case of sinusoidal water-level

fluctuations at steady state:

—£ = ¢os (2zt—sj = 1 > (4)
X, Tw \/1 + (ZNTO /Tw)

where

xw = water-level amplitude in well,

Xz = pressure amplitude in formation,

t; = phase shift,

T, = wave period, and

T, = time lag.

From equation 4 the phase shift and the fractional decrease in amplitude in the piezometer can be
determined with knowledge of the time lag, T,. Likewise, if the phase shift is known, time lag can be
found. However, it is very difficult to accurately determine phase shift directly from water level plots.
Therefore time lags are determined from a semilog plot of relative head response over time (Hvorslev,

1951) or determining the cross correlation between atmospheric-pressure and water-level fluctuations.
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Because the time lag 1s related to how quickly water flows into and out of the formation, it can be
used to find hydraulic conductivity (Hvorslev, 1951). Using time lag and well geometry, the hydraulic

conductivity is found using an equation commonly used for analyzing piezometer tests:

2
IR .

where

K = hydraulic conductivity,

r = well radius,

L = length of screen section, and

R = radius of screened casing.

An estimate of hydraulic conductivity obtained by this method is not likely to be very accurate
owing to the small radius of the aquifer being tested. A more accurate hydraulic conductivity could be
determined from a piezometer test in which a larger portion of the aquifer can be tested. However, this

method allows an initial estimate of conductivity, which can be important for aquifer test design.

Analysis Technique

Water-level and barometric-pressure fluctuations are generally found by inspecting atmospheric
and water-level pressure plots and recording the amplitudes. Daily water-level fluctuations were
monitored at 37 SS5C monitoring wells using pressure transducers and data loggers, as previously
described. Water levels were recorded every 30 minutes for 2 to 4 weeks. Records were transferred to
computer, pressure was converted to meters of water, and hydrographs were drawn (fig. 5). Hourly
atmospheric pressure data measured at the DFW International Airport for the period from September
1991 to June 1992 were obtained from the National Weather Service in Fort Worth, Texas.

Because daily fluctuations are time series, harmonic or Fourier analyses are useful for finding
mean amplitude of fluctuations for large data sets. Water-level fluctuations and atmospheric

fluctuations over the same time periods were harmonically analyzed to determine mean fluctuation
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amplitudes for one and two cycles per day using algorithms described in Baher (1990). A program was
written to use these algorithms and verified by using sinusoidal wave forms of known character. The
program output consisted of a power spectrum in which the height of any given frequency represented
the mean amplitude of that frequency (fig. 6). The statistics program SPSS (SPSS, 1990) was used to
find cross correlations between atmospheric and water-level fluctuations. Any phase shift was
identified from this plot (fig. 7). Barometric efficiency was used to calculate the modulus of elasticity
and specific storage. The time lag was used to calculate hydraulic conductivity of the formation. This

conductivity was then compared to more accurate results from piezometer tests conducted at the well.

Hydrologic Testing

Shallow Wells in the Weathered Zone

Numerous large-diameter wells provide many opportunities for measuring hydraulic conductivity
of the weathered bedrock and surficial alluvium. Tests were made during the period between
September 1991 and June 1992 at 43 shallow wells in the weathered Austin Chalk and Ozan Formation
(fig. 8). The wells were chosen for testing using the well inventory as a guide.

Several analytical and numerical methods have been proposed for analyzing hydrologic test data
from large-diameter wells. Papadopulos and Cooper (1967) developed type curves for analyzing
drawdown data from large-diameter wells in confined aquifers. Sammel (1974) discussed various
methods based on experience in India. Wikramaratna (1985) improved the type curves of Papadopulos
and Cooper (1967). Fenske (1977a) extended the Theis equation to allow finite diameter and storage
capacity in abstraction and observation wells. Other authors investigated the effects of leaky layers
(Lai and Su, 1974), decreasing abstraction rates (Lai and others, 1973; Rushton and Singh, 1984),
fractured aquifers (Kumaraswamy, 1973; Zdankus, 1974; Barker, 1985), well loss (Chachadi and
Mishra, 1992), unconfined conditions (Boulton and Streltsova, 1976), and different well-face boundary
conditions (Rajagopalan, 1983). In addition, a discrete kernel method (Patel and Mishra, 1983) and the

Cooper-Jacob approximation (Chapatis, 1992) have been used to consider storagae effects.
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Many of the above methods rely on water-level drawdown data to determine aquifer properties.
Drawdown data might not be practical for analysis because large-diameter wells are commonly found
in rocks of generally low storativity and transmissivity, such as limestone or crystalline rock. For
instance, Papadopulos and Cooper (1967) state that ideal Theis behavior is not observed during
pumping tests until

2
r
t> 250 —TC— (6)

where

t = time since start of pumping,

1. = radius of the well casing, and

T = transmissivity of the aquifer.
For a well-casing radius of 2 ft (0.6 m) and aquifer transmissivity of 5 ft2/d (0.46 m2/d), approximately
200 days of low-yield pumping are required before an accurate estimate of transmissivity can be
obtained using Papadopulos and Cooper’s (1967) curve-matching technique.

To circumvent this limitation, methods have been developed that use water-level recovery to
estimate aquifer properties. Fenske (1977b) produced a set of type curves that account for well bore
storage in water-level recovery. Herbert and Kitching (1981) used models to derive an empirical
equation and a shape factor for recovery data. Mishra and Chachadi (1985) applied the discrete kernel
method to water-level recovery in a large-diameter well. Several authors described numerical
methods to simulate both drawdown and recovery (Rushton and Holt, 1981; Rajagopalan, 1983; Barker,
1989; Sakthivadivel and Rushton, 1989).

Apparently overlooked in the literature is the use of piezometer tests for analyzing water-level
recovery data where well bore storage is significant. Piezometer tests, which include slug and bail
tests, are commonly used to estimate hydrologic properties in relatively impermeable material
(Hvorslev, 1951; Cooper and others, 1967; Bouwer and Rice, 1976; Bouwer, 1989). Type curves developed
by Fenske (1977b) approach those of Cooper and others (1967) when recovery time is much greater than

jumping time. The Cooper and others (1967) method, therefore, can be used for interpreting tests that
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meet this requirement. Barker and Herbert (1989) suggest using slug-test methods for very tight
formations that are below the range of applicability for their method.

The design of the bail-type tests used in this study at large-diameter wells followed procedures of
Herbert and Kitching (1981). No more than 10 percent of a well’s water column was pumped out.
A 1/3-hp submersible pump or a centripetal pump was used, and the 10-percent drawdown was made in
approximately 1 hr. The falling and subsequently recovering water levels were recorded with a data
logger and pressure transducer, as previously described. Drawdown also was measured manually using a
water-level electrical probe. Discharge rate was measured using a stopwatch and a calibrated 5-gal
bucket.

For interpreting the recovery data, this study evaluated eight methods (appendix C):

(1) 50- and 90-percent-recovery methods (Herbert and Kitching, 1981),

(2) nomogram method (Barker and Herbert, 1989),

(3) time-lag permeability test with shape factors (Dracher, 1936, as cited by Hvorslev,

1951; Schneebeli, 1966, as cited by Chapuis, 1989),

(4) slug-test method (Cooper and others, 1967; Bouwer and Rice, 1976),

(5) convolution method (Singh and Gupta, 1986),

(6) simulation and analysis programs (Barker, 1989), and

(7) finite-difference modeling (appendix D).
The first two methods are empirically derived from numerical solutions, methods three and four are
piezometer tests, and methods five through seven are numerical solutions and models. The methods of
Bouwer and Rice (1976), Barker (1989), Barker and Herbert (1989), and Hvorslev (1951), and the
50-percent-recovery method of Herbert and Kitching (1981) were found most applicable as non-
numerical solutions. Only the values from the Herbert and Kitching 50-percent-recovery method were
used in calculating mean hydraulic parameters. The other methods were used only for comparison. For

the purpose of analysis, wells were considered fully penetrating.
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SSCL Monitoring Wells in Unweathered Bedrock

The 37 SSCL monitoring wells provide the only opportunities for hydrologic testing and sampling
of ground water in the unweathered bedrock of the Eagle Ford Formation, Austin Chalk, and Ozan
Formation. The Earth Technology Corporation (1990e) conducted packer tests of hydraulic conductivity
in uncased boreholes during construction of the monitoring wells and other special-purpose test wells.
Their test results were reevaluated in terms of this study’s data on fracture characteristics and fracture
distribution. Most (42) of the 77 reported values were from the Austin Chalk. Tests also were conducted
at the contact between the Austin Chalk and the Eagle Ford Formation (13), at the contact between the
Austin Chalk and Ozan Formation (10), and within the Ozan (7) and Eagle Ford (5) Formations. Tests
were done by packing off a test interval of varying lengths and injecting water at selected pressures
while flow rate was measured with a cumulative flow meter. Pumping was continued until consecutive
readings indicated stabilization of flow rate, and hydraulic conductivity was calculated using
standard Bureau of Reclamation procedures. Locations of tested wells are shown in figure 8.

In two monitoring wells shown by packer tests to have the highest permeability, BI3 and BF9,
hydraulic conductivity was tested during this Phase II study by pumping water from the well and
measuring the relationship between discharge and drawdown and recovery. The pump used was either
a reciprocating-piston, positive-displacement pump, powered by an air compressor, or a 2-inch-
diameter (5-cm), submersible electric pump. A test at the BIR41 well, likewise selected on the basis of
the earlier packer-test data, failed because pumping rate exceeded ground-water inflow rate. Water-
level drawdown data were analyzed using standard techniques described by Theis (1935), Walton
(1970), and Cooper and Jacob (1946). Recovery data from the pumping test were analyzed using the
Theis recovery method (Kruseman and De Ridder, 1983).

Yield of water at the remaining wells was too small, owing to low hydraulic conductivity, to
sustain pumping at even 0.5 gal per minute (gpm [0.032 L/s]). Hydrologic tests at these low-
permeability intervals, therefore, were performed by bailing or pumping water from the well and

monitoring water-level recovery. Estimates of hydraulic conductivity were made in 20 of the 37 SSCL
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monitoring wells on the basis of these piezometer (slug) tests. Recovery data were analyzed using
various methods including (1) Bouwer and Rice (1976), assuming unconfined conditions, (2) Ferris and
Knowles (1954), assuming an instantaneous line source for the water-level change in the well, and
(3) Cooper and others (1967), accounting for the finite diameter of the well. The Cooper and others
(1967) method is considered more realistic than the Bouwer and Rice (1976) or Ferris and Knowles
(1954) methods. The Cooper and others (1967) method is an exact solution for water-level response to an
instantaneous charge of water. The Bouwer and Rice (1976) method depends on early time data. The
Ferris and Knowles (1954) solution assumes an instantaneous line source to account for water-level
change and ignores well bore storage.

Water-level drawdown and recovery were recorded using a transducer and data logger, as
previously described. A laptop computer connected to the data logger allowed direct monitoring of
water-level changes during tests. Water-column measurements were programmed to be recorded at time
intervals varying with rate of water-level change. Discharge rate during the pumping tests was
measured with a stopwatch and 1-liter graduated cylinder.

Permeabilities of five core plugs, taken from the unfractured section of rock core from well BI3,
corresponding in depth to the screened interval, were determined by Core Laboratories, Inc., using the

standard Hassler Sleeve method.

Review of Construction Problems at Monitoring Wells

The typical SSCL monitoring well was constructed by placing a 2-inch (nominal)-diameter,
schedule-40 PVC pipe with a 20-ft-long (6.1-m) screen in a 6.75-inch (nominal)-diameter bore hole
drilled with mud-rotary method (The Earth Technology Corporation, 1990b, d). The annulus between
the pipe and formation was backfilled with sand to a height of 2 to 6 ft (0.61 to 1.83 m) above the top of
the screen, topped with a 2 to 6 ft (0.61 to 1.83 m) layer of 1/4-inch bentonite pellets and followed by
cement grout to land surface. The grout was pumped into the annulus. The wells were bailed to varying

degrees for well development after completion.
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Water samples were collected for chemical analyses from all 37 SSCL monitoring wells. About
40 percent of the sampled wells yielded water having an anomalous chemical composition with pH
generally greater than 11, a neutral-pH titration-equivalence point, and very low to negligible
dissolved magnesium (Mg?*) content. The SSC Laboratory and the U.S. Army Corps of Engineers ran a
televiewer survey in 31 of the 37 SSCL wells in June 1992 to identify well-construction problems that
might explain the anomalous composition of water samples (U.S. Army Corps of Engineers, 1992). About
48 percent of the logged wells showed some wellbore problem such as broken or unscrewed casing joints
and evidence of inflow of cement (table 2). Wells with some construction problems were found to account
for 12 of the 15 water samples (80 percent) with anomalous chemical compositions; two wells that
yielded samples with anomalous chemical compositions were not logged. Wells that were found in good
condition account for 15 of the 22 water samples (68 percent) with a chemical composition normal for
limestone and marl; 4 wells that yielded samples with normal chemical compositions were not logged
(table 2). This correspondence clearly shows that the anomalous chemical composition is related to
well-construction problems. The most likely source of the anomalous chemical composition is calcium-
hydroxide (CaOH) from cement grout (Lin-Hua and Atkinson, 1991). It seems most likely that this
CaOH water entered the well either through gaps in casing or through the screened section where the
sand pack and bentonite seal were not effective. It is possible that the contamination continues, with
the high pH, CaOH water reentering wells that are purged and that temporarily yield a normal
ground water (Lin-Hua and Atkinson, 1991).

Table 2. Comparison of normal and anomalous chemical compositions of water samples
in terms of observed well construction problems.

Well condition

Water composition Good Problem Not logged Total
Normal 15 3 4 22
Anomalous 1 12 2 15
Not analyzed 0 0 0 0
Total 16 15 6 37
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For comparison with reported depth, total well depth was remeasured using a 200-ft-long
(60.1-m) fiberglass tape with a plumb weight. The discrepency between reported design depth and
plumbed depth generally was less than + 3.5 ft (+ 1.1 m), which could be partly due to stretch in the
fiberglass tape and to error in taking up slack when the plumb weight reached total depth. Where
plumbed depth was much less than design depth, as at wells BE4, BI6, BI2A, B1597, and B1697B, an
obstruction in the well or plugging of the bottom of the well by cement is suggested. Cement plugging was
confirmed at B1597 by a bailed sample and at the other wells by video photographs (U.S. Army Corps
of Engineers, 1992).

Results of chemical analyses of samples from these “problem” wells cannot be used to infer
chemical composition of naturally occurring ground water. It is uncertain whether a prolonged effort in
well development and purging of water from the well will remove all contamination and yield a
natural ground water. The well-construction problems also cast some doubt on the validity of results of

hydrologic testing and of measurements of water-level fluctuations at these wells.

Chemical Sampling and Analyses

Where yield of water at SSCL. monitoring wells was small, water samples for chemical analyses
were collected using a PVC bailer. Where yield of water at SSCL monitoring wells was high enough to
sustain pumping, either a reciprocating-piston, positive-displacement pump or a small-diameter,
submersible electric pump was used for water sampling. Where sustained pumping was possible,
samples were collected after several wellbore volumes had been pumped from the well. Pumped
samples are expected to best reflect water contained within the subsurface formation and to be least
affected by residence time within the wellbore.

Figure 8 shows the locations of samples collected for chemical analyses from springs and from

shallow wells in the weathered zone. Water samples from the weathered zone were taken at 20 wells
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at which hydrologic tests had been conducted. At well R875-4 (no. 32, fig. 8a), several wellbore volumes
were pumped before samples were collected from the discharge line. At other shallow wells, it was
infeasible to pump several wellbore volumes because of their large storage capacity and low aquifer
discharge. Water was purged from these wells, therefore, and samples were taken after water level
recovered enough to allow efficient bailing. Samples from springs were collected by using the hydraulic
head of the spring discharge to drive water through tubing into a sample filtering chamber.

Water sampling followed standard techniques (Feltz and Hanshaw, 1963; Gleason and others,
1969; Brown and others, 1970; Wood, 1976; Hassan, 1982). Temperature, pH, and Eh were measured in a
flow cell connected to the water-discharge line from the sample pump. Temperature of spring water was
measured with a thermometer placed into the surficial fracture or fissure from which the spring is
discharged. For bailed-well and spring-water samples, temperature and pH were measured in the
sample container, but Eh was not measured. Pumped samples were filtered through an in-line
disposable 0.45-pm filter connected to the discharge line. Bailed samples and spring samples were
filtered by pressurizing a sample container with nitrogen (Njy) gas to drive water through the 0.45-um
filter. Alkalinity was measured by titration of unfiltered samples with a standard dilute
(approximately 0.02 N) HCI solution at field sites or within several hours of collection; alkalinity
measurements were repeated in the laboratory. Water samples for determination of cation
concentrations were acidified in the field with 6N HCl or HNOs. Dissolved carbon for 14C and §13C
analyses was precipitated from water samples at well sites using a pH-buffered S5rCl, reagent. Sample
bottles were sealed with tape and kept cool during storage and delivery to the laboratory. Most cations
were analyzed using inductively-coupled plasma-optical emission spectrometry; silver was measured
by flame atomic adsorption and mercury by cold-vapor atomic adsorption. Chloride, sulfate, fluoride,
nitrate, and bromide were determined by ion chromatography. Carbon-14 and 8'3C were analyzed by
scintillation counting at Beta Analytic, Inc. Tritium was determined by low-level proportional counting
of water samples that had undergone electrolytic enrichment at the University of Miami Tritium
Laboratory. Radioactive isotopes dissolved in ground water were analyzed to establish a baseline

record of ambient concentrations. Samples were collected in 1-gal plastic containers and analyzed for
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7Be, 2Na, 45Ca, >*Mn, #0Co, 40K, 137Ca, total radium, and isotopic thorium. Total exchange capacity and
exchangeable-ion composition in samples of chalk, organic-rich marl, marl, and bentonite cored from
the Austin Chalk section were analyzed following standard methods for NH4* displacement to

constrain the simulations.

Geochemical Modeling

Mineral saturation, activity coefficients, ionic molalities, and rock-water reaction paths were
calculated by geochemical modeling programs SOLMINEQ*88 (Kharaka and others, 1988), PHRQPITZ

(Plummer and others, 1988), and PHREEQE (Parkhurst and others, 1980).

Bottom-Hole Temperature in SSCL Monitoring Wells

Bottom-hole temperature was measured with an Envirolab temperature probe. The calibration of
the probe was checked; it spanned 32° F (0°C) in an ice bath to 212° F (100°C) in boiling water. The probe
was lowered to total depth in the monitoring wells; that is, until the cable went slack. Reported well
depth was accepted as the depth of the probe. Temperature readings were made for several minutes to

check for drift owing to thermal equilibration, but no meaningful trend was observed in that timeframe.

Stream Flow Gauging

Discharge rate was gauged in streams fed by springs issuing from fractures in the Austin Chalk at
several sites in Ellis County. The objectives of the stream gauging were to determine the amount of base
flow added to the streams from springs and seeps along the stream courses and to monitor seasonal

fluctuations in stream discharge.
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Flow rate was measured using a mini-type current meter (Buchanan and Somers, 1969). Locations of
the springs are shown in figure 8b. At each station, a straight stream reach with a relatively smooth
channel bed was chosen. The same section of stream was repeatedly gauged at each station. Stream
width was less than 5 ft (1.52 m) and depth of water was less than 0.5 ft (0.15 m). A folding wood ruler
lain across the stream perpendicular to the direction of flow was used to divide the stream into uniform
increments of 3 or 4 inches (7.62 or 10.16 cm). At the midpoint of each increment, the depth of water was
measured and the bucket wheel of the current meter placed at 0.6 times the depth from water surface.
The number of revolutions of the bucket wheel was counted over an interval of time and recorded. The
manufacturer’s calibration chart related revolutions to flow velocity. The velocity was then multiplied
by the width and depth of the increment to arrive at a value of discharge for that increment. The sum

of the incremental discharges gives the total discharge for that section of the stream.

Numerical Modeling of Ground-Water Flow

Numerical simulation of ground-water flow in chalk and marl was used as an interpretive tool to
better understand ground-water circulation and travel times. These influence the fate of contaminants,
including potentially radioactivated ground water. MODFLOW, a block-centered, finite-difference
computer program (McDonald and Harbaugh, 1988), was used to simulate ground-water flow. The
model’s governing equation is the three-dimensional, partial differential equation describing ground-

water flow:

i(Knéﬁ)+i K L +—2-(K —a—h-)+W=Ssa—h 7
ox ox oy \ ¥ dy 0z \ = oz ot
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where

x,y, and z are Cartesian coordinates of the system,

K,, Ky, and K are hydraulic conductivities in the x, y, and z directions,

h is the hydraulic head,

Wis a volumetric flux per unit volume representing sources and sinks,

Ss is the specific storage, and

t is time.

All simulations used the strongly implicit procedure (SIP). Convergence criteria for hydraulic head
changes were set to 0.001 ft (0.0003 m).

A variety of models were constructed and simulated. In their Phase I study, Wickham and Dutton
(1991) defined a two-dimensional horizontal (plan-view) model of flow in surficial alluvium at the
SSC site. This Phase II study developed vertical, cross-sectional models. A cross-sectional model
consists of more than one layer but only one horizontal dimension, for example, one row with numerous
columns. By design, a profile model assumes that all flow is within the plane of the profile (Anderson
and Woessner, 1992). Therefore, equation 7 is only required for two dimensions, x and z. For simulating
steady-state flow of ground water, the right side of equation 1 becomes zero.

Three cross-sectional models were constructed (fig. 9): a NE-SW profile across the west campus
(A-A’), a NW-SE profile across Ellis County (B-B’), and a NE-SW profile across the east Campus
(C-C).

The sections were oriented along predominant flow lines. Sections A-A’ and B-B’ were constructed
to evaluate regional flow of ground water in the weathered and unweathered bedrock. Section C-C’ was
constructed to evaluate effects of interaction-hall excavation on ground-water flow. Table 3 defines the
dimensions of the models.

Boundaries of the cross-sectional models were chosen to coincide with natural hydrological
boundaries, such as topographically low areas or surface-water divides. Model sides therefore could be

treated as no-flow boundaries. The boundaries were located far enough from areas of interest to
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minimize unwanted boundary effects. The southwestern end of the West Campus model, for example,
was placed at Chambers Creek, a topographic low, and the northeastern end at a topographic high.
The northwestern boundary of the Ellis County model was placed at Lake Joe Pool, a topographic low,
and the southeastern boundary was placed on Walker Creek east of the SSC ring. The base of sections
A-A’ and B-B’ were placed in and at the bottom of the Eagle Ford to identify whether ground water
circulated in the shale. The upper surface of these models used the general head boundary package in
MODFLOW (McDonald and Harbaugh, 1988). The upper boundary represented the seasonal mean
water level in the surficial aquifers, generalized at about 8 ft (2.44 m) below land surface. Model
bottoms also were assumed to be no-flow boundaries.

Vertical /horizontal  anisotropy ratio was adjusted by trial and error. Permeability values for
weathered bedrock and unweathered chalk, marl, and shale were initially assigned based on field test
results, then were adjusted by trial and error. Fracture zones were represented as equivalelnt porous
media to assess the effect fracture-enhanced permeability would have on fluid circulation and particle
travel times.

MODPATH (Pollock, 1989) was used to find ground-water pathlines and residence times.
MODPATH “iises Hydraulic head and cell-by—cell flow output files from MODFLOW along with a
porosity file to make calculations. A program was written to statistically analyze particle residence
times and to calculate particle velocities. Using the flux inflow data from the general head boundary
package, particles were proportionally placed in each active surface cell and allowed to travel until
discharged from another cell. This indicated the movement of water from recharge to discharge points.
Travel times were calculated for the entire model and for individual zones. Sensitivity of particle
travel time, path, and velocity was evaluated by varying both vertical and horizontal hydraulic

conductivities by a factor of 1,000.
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Table 3. Dimensions of ground-water flow models.

Section A-A’ B-B’ c-c’
Number of layers 52 58 22
Number of columns 142 170 120
Column width (ft) 303 1,000 variable
Layer thickness (ft) 10 30 variable
Section length (ft) 43,026 170,000 8,200
Section height (ft) 520 1,740 500
Active nodes 5,959 4,704 2,640
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Figure 9. Projections of vertical profile models of ground-water flow. A-A’ is the West Campus model,
B-B’ is the Ellis County model, and C-C’ is the Interaction Hall model. Also shown are major surface-
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PETROLOGY OF THE AUSTIN CHALK AT THE SSC SITE

Summary

Worldwide sea-level highstand during the upper Cretaceous (Coniacian-Santonian) resulted in
displacement of siliciclastic and shallow-water carbonate environments and formation of planktonic
oozes in moderately deep-water, high-productivity, flooded continental shelves. Rhythmically
interbedded chalk and marl of the Austin Chalk were deposited over an extensive platform in Texas.
Facies of the Austin Chalk are defined by variations in character of the cycles, including character of
the chalk-marl contacts, biogenic contribution and amount of reworking of the carbonate fraction, and
marl composition and presence of lamination. Variations in petrologic characteristics of chalks and
marls reflecting evolution of the depositional environment have subtle effects on the mechanical
behavior of the rock (for example, fracture spacing and weathering characteristics) and on the
geochemistry of the rock and water in contact with the rock.

The middle Austin Chalk typically has lower porosity and permeability and greater ductility
compared to the upper and lower Austin Chalk. These properties are controlled by clay distribution
around and between individual coccoliths rather than clay content. The distribution of clay is
interpreted to be a product of authigenic alteration of minor but frequent volcanic ash falls during chalk
deposition. Volcanic materials sourced from Cretaceous volcanism along the Balcones fault trend and
from more distant silicic volcanic provinces influence the clay distribution and therefore the
mechanical properties of the chalk and marl.

Subtle vertical facies changes in the Austin Chalk in Ellis County reflect

e marine flooding (phosphate/glauconite/quartz-sand-rich condensed section);

* maximum relief (locally channeled, macrofauna-poor, strongly cyclic unit);

° deepest water (high organic/low detrital marls);

s shallowing (increased silicalstic detrital as well as volcanic material, and development of

firmgrounds and oyster communities.
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» continued shoaling (local winnowed carbonate accumulations); and
e resumption of detrital siliciclastic accumulation (Ozan Formation overlying the Austin

Chalk).

Introduction

The Austin Chalk in central Ellis County at the SSC site is an approximately 400- to 500-ft-thick
(121.9- to 152.4-m) sequence of chalk beds alternating with thinner marl beds. Matrix porosity and
permeability are low, but the unit is fractured both along fault zones and by more widely spaced
regional fracture systems, as discussed in the following section and by Collins and others (1992).
Understanding the distribution of these fractures is key to understanding ground-water flow in the
Austin Chalk in Ellis County as well as hydrocarbon production in South Texas.

Petrologic studies of the Austin Chalk, the upper part of the underlying Eagle Ford Formation,
and the lower part of the overlying Ozan Formation (“lower Taylor Marl”) were undertaken to support
hydrologic studies at the SSC site in central Ellis County. The focus of this study is on petrologic
characteristics that might influence rock-mechanical properties, especially fracture spacing, and
genetic relationships between petrologic characteristics and depositional and diagenetic evolution of
chalk and marls. The petrologic study is focused on a detailed study of facies, chalk-marl cyclicity,
composition, and fabric of the Austin Chalk and adjacent units within Ellis County. Locations of cored

¢ L4

wells used in this study are shown in figure 2.

Stratigraphic Setting

The widespread distribution and lithologic homogeneity of the Austin Chalk (fig. 1) reflect its
deposition in a pelagic shelf environment with water depths of less than approximately 300 ft (91.4 m)
(Dawson and Reaser, 1985) during worldwide sea-level highstand during the Coniacian and Santonian
stages of the Late Cretaceous (fig. 10). Marls of the overlying Ozan Formation (lower Taylor Marl) and

underlying Eagle Ford Formation indicate increased siliciclastic deposition in neritic environments
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during lower sea-level stands (Beall, 1964; Charvat, 1985; Phillips, 1987). High productivity of
calcareous nonnoplankton during chalk deposition produced soft bottom conditions that restricted
bottom environments to specially adapted faunas such as inoceramids (Kennedy, 1975; Dawson and
Reaser, 1985). Exceptions are where sediment erosion and long episodes of nondeposition allowed
development of firmgrounds or hardgrounds suitable for growth of more diverse oyster and other
mollusk communities. Multiple episodes of burrowing typically blur or eliminate sedimentary structures
in chalk. Distant source areas for terrigenous clastics a.. . low-energy bottom environments limited
detrital siliciclastic input. Contemporaneous basaltic volcanism along the trend of the Balcones Fault
Zone in Central and South Texas (Ewing, 1986) and more distant Laramide volcanic centers are other
potential sources of siliciclastics in the Austin Chalk.

Formal stratigraphy and biozonation of the Austin Chalk have been extensively discussed
(table 4). The lower contact of the Austin Chalk with the Eagle Ford Formation in the Ellis County
area is thought to be an erosional unconformity, with chalk deposition beginning near or below the
Turonian-Coniacian boundary (McNulty, 1965; Pessagno, 1969; Reaser, 1989). Thickness changes within
the Eagle Ford and the Austin Chalk are attributed to erosion of the Eagle Ford prior to chalk
deposition (Beall, 1964; The Earth Technology Corporation, 1990a) as well as movement on faults
(Beall, 1964). The upper contact of the Austin Chalk with the Ozan Formation is more controversial.
Some investigators interpret the sharp lithologic change as a phosphatized lag, firmground, or an
erosional unconformity with tens of meters relief (Smith, 1955; Durham, 1957; Hallgarth, 1959;
Pessagno, 1969; Tucker and Henecy, 1987; Durham and Hall, 1991). Others ’(Fﬁrsich and others, 1981;
Marks and Stam, 1983; Young and Woodruff, 1985; Podell and others, 1993) consider the contact to be a
time-transgressive facies change, locally marked by phosphatized hardgrounds with the amount of
time missing so minor that it is faunally unresolvable. Structural influence on Ozan sedimentation has
been described by Ewing and Caran (1982) and Surles (1983).

Lateral facies changes within the Austin Chalk include shoaling over the San Marcos Arch and
deepening to the south and southwest toward the platform edge (Dravis, 1980; Thornhill, 1982; Young

and Woodruff, 1985). The shallow-water facies of the Austin Chalk have been removed by erosion
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Table 4. Literature on stratigraphy and biozonation of the Austin Chalk.

Topic

Austin Chalk facies/stratigraphy,
regional

Austin Chalk facies/stratigraphy,
North-Central Texas

Austin Chalk facies/stratigraphy,
Central Texas

Austin Chalk facies/stratigraphy,
south-central and south Texas

Author
Durham and Hall, 1991

Miller, 1978
Young and Woodruff, 1985

Baker, 1982

Brown, 1981

Champlin, 1976
Dawson and Reaser, 1985
Dawson and others, 1980
Koger, 1981

McNulty, 1965

Reaser, 1989

Seewald, 1959

Smith, 1955

Stehli and Creath, 1969
Stehli and others, 1972
Surles, 1983

The Earth Technology
Corporation, 1990a

Young and others, 1975

Young, 1986
Young and others, 1985

Dravis, 1991
Lock, 1984
Martinez, 1982
Scholle, 1977a—
Thornhill, 1982

Contribution

Correlation and facies analysis

Qutcrop-subsurface study
Regional facies relationships

Subsurface isopachs

Subsurface

Surface to subsurface cross section
Depositional environments
Outcrop to subsurface correlations
Surface to subsurface correlations
Eagle Ford—Austin Chalk relationships
Outcrop descriptions

Regional lithologic description
Channels within the Austin Chalk,
conformable Austin-Taylor contact
Biofacies maps

Depositional environments
Subsurface isopachs

Stratigraphy at the SSC site

Shallow-water (McKown Fm.) around
volcanic plug

Regional stratigraphy

Facies around volcanic plug

Depositional environments

Channel facies in outcrop

Subsurface sections, maps, South Texas
Synthesis of chalk sedimentology
Subsurface correlations
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Topic

Austin Chalk biozonation, regional

Austin Chalk biozonation,

North-Central Texas

Austin Chalk biozonation,
Central Texas

Table 4 (cont.)

Author

Barrier, 1980

Marks and Stam, 1583
Pessagno, 1967

Smith, 1981

Bottjer and Bryant, 1980
Fiirsich and others, 1981

Hallgarth, 1959
Young, 1963

Contribution

Based on coccoliths

Austin-Taylor contact is time transgressive
Correlation and foraminiferal biozonation
Calcareous nannoplankton

Nature of Austin-Taylor contact
Minimal time missing at Austin-Taylor
unconformity

Local unconformities related to volcanic plug
Ammonite zonation



along most of its outcrop. Longoria (1991) has proposed that the younger Anacacho Formation in Bexar
County resembles the shallower-water facies and fauna of the Austin Chalk. Shallow-water facies
developed around volcanoes that built to wave-base during chalk deposition (Young and others, 1975).
Diagenetic modification of the Austin Chalk, like that of most chalks, has been simple relative
to shallow-water limestones. Pressure solution and porosity loss with depth are the dominant
diagenetic processes (Cloud, 1975; Dravis, 1980; Scholle and others, 1983). The Austin Chalk in Ellis
County has not been deeply buried and therefore has had minimal diagenetic modification. Other
aspects of burial alteration discussed in the literature are vein formation (Corbett and others, 1991a),
hydrocarbon generation (Grabowski, 1984; Hunt and McNichol, 1984), and the extent to which the
Austin Chalk is an isotopically open (sufficient fluids introduced from outside the chalk after burial to
modify its stable isotope chemistry) or closed system (Scholle and Cloud, 1977; Czerniakowski and

others, 1984).
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Results

Depositional Environments of the Austin Chalk

The Austin Chalk was deposited in a moderately deep-water shelf setting that resulted from
marine flooding of the craton during sea-level highstand. Lithologic changes therefore reflect
variations in percentages of the components of chalk. These components are

* nannoplankton tests (dominantly coccoliths),

» sand-sized plankton (dominantly foraminifers),

e macrofauna (dominantly inoceramids, oysters, and Gryphaes),

¢ glauconite,

e phosphatic bones, scales, and teeth and reprecipitated phosphatic nodules,

° macerated organic carbon, and

* fine siliciclastic/volcaniclastic clay with lesser amounts of silt and sand.

The dominant end-member lithologies recognized in core and thin section in this study are shown
in table 5. Variation in the percentages of these materials defines beds less than 3 ft (<1 m) thick.
Recognition of patterns in the interbedding between different lithologies defines cycles. In this study,
facies definition focused on cycle patterns. Seven facies are identified in cores (table 6). The
depositional environments of each facies with respect to depth and current and wave energy are

interpreted in table 6.

Stratigraphy of the SSC Site

Thirteen subsurface units (fig. 11) are delineated on the basis of gamma-ray patterns (table 6).
Units T, A, B, C, and D are approximately correlative with the lower Austin Chalk defined by a
moderate response on commercial spontaneous potential (SP) logs (fig. 12). Units E through I are
approximately equivalent to the low-SP middle Austin Chalk, and units J, K, and L to the slightly

higher and variable SP upper Austin Chalk. The units delineated based on log character were then
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Table 5. Dominant lithologies within the Austin Chalk.

Lithology
Chalk

Marl

Organic marl

Skeletal packstone

Globigerinid/inoceramid packstone

Bentonite (altered volcanic ash)

Composition

>67% nannoplankton, lesser amounts of sand-
sized plankton, broken and intact macrofauna,
and siliciclastics

>33% siliciclastics; the remainder is
nannoplankton, sand-sized plankton, and
broken and intact macrofauna

Organic material abundant enough to give the
bed a dark color, >10% siliciclastics, also
nannoplankton, sand-sized plankton, and
broken and intact macrofauna

33% broken and intact macrofauna; the
remainder is nannoplankton, sand-sized
plankton, and siliciclastics

33% sand-sized plankton and/or broken
macrofauna in a matrix of nannoplankton and
siliciclastics

Macroscopically recognizable bed or blebs of
white montmorillonite and associated silt-
sized biotite, quartz, and feldspar admixed
with other lithologies by burrowing organisms
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Table 6. Summary of characteristics of Austin Chalk facies.

Lithology

Skeletal packstone,
nannoplankton chalk,
+ glauconite, 2ZVRTF's

Nannoplankton chalk

with inoceramids,
marl

Nannoplankton chalk

with oysters, marly
chalk, marl

Nannoplankton
chalk, dark,
laminated marls
with inoceramids

Globigerinid/
inocermid prism
packstone,
nannoplankton
packstone

Nannoplankton

chalk, organic marls

Dark nannoplankton
chalk, organic marls

Cycle type

Thick, upward-
fining, irregular
thicknesses, bounded
by hardgrounds and
firmgrounds

Meter-thick cycles

Poorly defined meter
thick cycles

Meter-thick, well-
defined cycles

Meter-thick
discontinuous beds

Decimeter cycles,
laminated marls,
stylolite bounded

Decimeter cycles,
millimeter
lamination locally

Log character
Low to high GR
(glauconite), low
to high SP
(cementation)
Low GR, high SP

Low GR, low SP

High GR marls,
moderate SP

Low GR, moderate SP

Moderate GR, low SP

Moderate to high GR,
low SP
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Energy/depth

Shoal, winnowed
environment

Low energy, outer
shelf

Shoaling, shelf
marginal to most
distal neritic

Deep, stratified outer
shelf

Channel fill in outer
shelf fan

Outermost

shelf/slope

Outermost
shelf/slope
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Figure 11. Composite section of Austin Chalk. Conventional (upper, middle, and lower) stratigraphic
subdivision of the Austin Chalk is based on SP log correlations of Champlin (1976, shown in Dawson
and others [1983]). The approximate relationship between the wireline stratigraphic units of Werner
and others (1990) developed for the SSC and those developed for this study are shown. Informal units
and bed numbers assigned in this study on the basis of gamma-ray character are difficult to trace
outside of Ellis County.
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Figure 12. Commercial wireline log showing typical SP log character of the Austin Chalk in Ellis
County. SP logs from the SSC wells have an atypical character because the boreholes were drilled
with water rather than with drilling mud and therefore were not used for this study.



examined in core. Individual gamma-ray peaks were matched to marl beds and assigned unique letter-
number references (fig. 11). Subtle changes in petrologic features and fauna characteristic of subsurface
units can be recognized in outcrop, although the discontinuous nature of most outcrops rarely allows
identification of individual beds or unit boundaries. Projection of subsurface units to the surface were
used to produce a geologic map and structural cross sections. The distribution of gamma-ray defined
subsurface units identified in the field and projected from the subsurface corresponds to the general
outcrop divisions of the lower, middle, and upper Austin Chalk in Ellis County (Dawson and others,
1983).

The 13 informal subsurface units defined for this study generally agree well with the wireline
units prepared by Werner and others (1990) (fig. 11). Two major differences are that there is some offset
in stratigraphic boundaries and that part of the upper Austin Chalk is missing from the stratigraphic
section described by Werner and others (1990). Stratigraphic boundaries in this study were consistently
set at the base of marls in order to facilitate cycle-based analysis, resulting in minor differences with
the results of Werner and others (1990). The composite stratigraphic section of Werner and others
(1990) is based on early borehole and core data; the “missing” upper Austin Chalk interval was not
cored or logged during this initial drilling phase. This “missing section” was identified by recorrelating
newer geophysical logs (for example, BE5). Adding this interval to the cross section, however, has
little impact on the interpretation of the structure or stratigraphy at tunnel depth, the major effect
being to slightly increase dips along the eastern part of the ring.

The stratigraphy and structural variability of the Austin Chalk were examined around the SSC
ring and used to construct a three-dimensional stratigraphic model. This, in turn, was used to construct
structural cross sections, which were then used for hydrologic modeling (fig. 9). Thicknesses of the
informal units were mapped around the ring; most exhibited little systematic thickness variation,
except as noted in the following discussions. Although a large number of logs and cores are available
from the SSC ring, the data set is inadequate for characterizing stratigraphic variability in detail

because
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® borcholes were drilled only to tunnel depth, so that the stratigraphic overlap is minimal in
different parts of the ring;

* most core has been preserved whole for engineering purposes; therefore, it is unsuitable for
stratigraphic study, which requires slabbed core in order to observe sedimentological features;
and

e thickness of units has been slightly modified by fracture or dip changes, obscuring subtle
changes in the thickness of units.

The typical lithologies, cycle character, and petrology of each informal unit are described next.

Eagle Ford Formation

The Eagle Ford Formation underlying the Austin Chalk in Ellis County is approximately
300- to 425-ft-thick (91.4- to 129.5-m) dark-gray (rock color N3 [Geological Society of America, 1979])
calcareous shale. It is laminated and somewhat fissile. Flattened small burrows are locally
recognizable. Pyrite and limonite nodules and burrow casts are present. In outcrops just west of
Midlothian, large calcite and siderite septarian nodules (Dawson and others, 1983) are found in two
layers about 33 and 43 ft (10.1 and 13.1 m) beneath the Austin Chalk contact. The septarian nodules are
localized in slightly siltier layers near the top of the Eagle Ford that are regionally identified on logs

by increased SP and resistivity response.

Lower Austin Chalk

The lowermost subsurface Austin Chalk unit “T” (6.9- to 14.1-ft [2.1- to 4.3-m] thick) includes the
gradational transition from the basal sandstone and conglomerate into typical chalk lithologies with
an upward-decreasing gamma-ray response. The basal sandstone and conglo.merate is 0.3 to 2.3 ft (0.1 to
0.7 m) thick and is composed of quartz and glauconite in a clay matrix (fig. 13a). Phosphate nodules,
phosphatic teeth, skeletal material, and carbonized wood are abundant. The top of the conglomerate is

laminated and intraclastic (fig. 13b). The overlying 6.6 ft (2 m) is composed of admixtures of material
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Figure 13. Characteristic lithologies of unit T.
(a) Thin section of typical sandstone at the base of
unit T: sand-sized quartz grains are white; glauconite
(G) and phosphate (P) are the dominant framework
grains of the sandstone, which has a chalk matrix.
Thin section photographed in plane light from
sample from TXI quarry, Midlothian. (b) The top of
unit T is locally laminated. Core from sample K1
214.5. (c) Graded globigerinid-chalk packstone to
wackestone from upper part of unit T, thin section,
plane light from sample K1 214.5.
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from the sandstone beds and chalk. Some graded beds are globigerinid packstones to wackestones
(fig. 13¢). In outcrop, unit T is dark gray (N3 [Geological Society of America, 1979]) and appears massive
(fig. 14b).

Unit “A” (57.7 to 67.9 ft [17.6 to 20.7 m]) is cyclic Austin Chalk with low gamma-ray response in
both the chalk and marl (fig. 15). Unit A thickens to the east in Ellis County. Macrofauna is less
abundant in unit A than elsewhere in the Austin Chalk, with fragmented robust inoceramids the
dominant grain (fig. 14a). In outcrop, unit A forms resistant cliffs along the White Rock Escarpment
(western edge of t_'he Austin Chalk outcrop) (fig. 14b). Channels are noted in unit A outcrops in TXI
quarry, Midlothian. Channels are 0.7 to 6.6 ft (0.2 to 2 m) deep and as much as 82 ft (25 m) wide
(fig. 14c, d). They cut through the marl and into the chalk of the underlying cycles. Channels are filled
with one or more chalk and marl couplets that thin and merge toward the channel margins. One sample
of channel fill is a well-sorted globigerinid and chalk-intraclast grainstone (fig. 14e). Channels are
characteristically observed regionally in unit A, representative of this stratigraphic interval but
possibly influenced by the preferential siting of large quarries in this interval. In the subsurface, marl
beds throughout unit A have a low gamma-ray response. A prominent (2-ft- [0.6-m-] thick) bentonite
bed marks the base of unit B.

Unit “B” (34.1 to 42.0 ft [10.4 to 12.8 m] thick) has the highest gamma-ray response in the Austin
Chalk, 60 to 100 counts per second (cps), and is strongly cyclic (fig. 15). Marls are dark (N5 to N7
[Geological Society of America, 1979]) and some are conspicuously laminated. Thin-shelled inoceramids
and sand-sized inoceramid prisms are concentrated (relative to chalk) in some marl beds (fig. 16a, b).
Localized firmgrounds marked by packstone-filled vertical burrows are identified near the top of
unit B. The contact between units B and C is defined by the sharp decrease in gamma-ray response
(figs. 11 and 15).

Unit “C” is 13.8 to 20.0 ft (4.2 to 6.1 m) thick. Both chalk and marls have lower gamma-ray
response than do units B and D. Two of the low-gamma marl beds within unit C contain white clay-rich
patches interpreted as bentonite admixed with marl by burrowers. Intact and fragmented inoceramids

are more abundant than in unit A.
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Figure 14. Characteristic lithologies of unit A. (a) Typical chalk in thin section. Inoceramid-
globigerinid packstone, sample K1 178.0. Star-shaped grain is an echinoderm plate. (b) Resistant cliffs
typical of unit A in outcrop, north side of Beltline Road, Cedar Hill, southern Dallas County. “T”
indicates the generally massive upper part of unit T; the overlying highly cyclic beds are unit A.
(¢) Large chalk-filled channel cuts into the underlying cycles and contains several beds of fill, lower
part of unit A, TXI Quarry, Midlothian. (d) Small channel cuts into only underlying marl bed, Clark
Street, High Pointe subdivision, southern Dallas County. (¢) Photomicrograph of globigerinid
intraclast grainstone from a small channel-fill deposit from the TXI Quarry, Midlothian.
Photographed in plane light.
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Figure 15. Representative log correlations of units A, B, C, and D along strike, northwest part of the
SSC ring, show substantial continuity of units and a repetitive pattern of individual gamma peaks
marking the base of cycles. 100-ft depths are labeled.
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Figure 16. Characteristic lithologies of units B and D. (a) In thin section, chalk with fine, randomly
oriented allochems grades upward into marl with wispy dark organic concentrations, small pyrite
crystals (black), and sorted and concentrated inoceramids and inoceramid prisms. Photomicrograph of
K1 90.6, base unit D marl, plane light. (b) Typical dark, organic-rich, weakly laminated marl with
abundant thin-walled, flat-lying inoceramids, from sample BE3 196, bed D-23. (¢) Outcrop of unit D,
Bell Branch, south of Chambers Creek, Ellis County. Weathered organic-rich marls are week and
splintered.
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Unit “D” 1s 68.9 to 75.1 ft (21.0 to 22.9m)thick. The lower part is similar to unit B, but gamma-ray
response decreases upward (figs. 11 and 15). High gamuna-ray response again corresponds to dark,
locally laminated marls (fig. 16a). Oysters and Gryphaea are locally abundant in unit D. Marl
bed D-18 (fig. 11) contains pods of bentonite that have been parily admixed with marl by burrowing. In
outcrop, the dark laminated unit B and D marls weather to light brown or orange (10YR 6/2 [Geological
Society of America, 1979]) and are weak and splintered, producing poor outcrops (fig. 16c). The top of
unit D is selected at the top of an interval of decreasing gamma-ray response above a pair of distinctive

peaks on gamma-ray logs.

Middle Austin Chalk

Units E through I have a generally low gamma-ray response and are subdivided into map units on
the basis of higher gamma-ray response in units “F” and “H.” Although the thin F and H markers can
be traced 9.3 mi (15 km) to the eastern part of Ellis County, individual marl beds within any of the units
are difficult to trace even over short distances laterally. Pyritized burrows and nodules are
characteristic of all the middle Austin Chalk units. Unit E (38 to 52.8 ft [11.6 to 16.1 m] thick) has
sparse inoceramids, but abundant small thin-shelled bivalves as well as oysters and Gryphaea are
present (fig. 17a). A thin bentonitic bed is locally preserved at its base. Beds E-6 and E-4 are locally
recognized as firmgrounds marked by packstone-filled burrows (fig. 17b). Unit F (6.9 to 14.1 ft [2.2 ©
4.3 m] thick) appears to contain some chalk beds with slightly higher clay content than average, some
dark (organic-rich) marls, and one thin bentonite in bed F-3. Inoceramids and oysters are locally
abundant. Unit G (20 to 24.9 ft [6.1 to 7.6 m] thick) contains whole and fragmented inoceramids
throughout. The base of bed G-3 is marked by a firmground in the BE-3 core and contains oysters and a
skeletal sand lag in the F3 core. Unit H (10.8 to 15.1 ft [3.3 to 4.6 m] thick) contains abundant whole and
fragmented inoceramids and several probable firmgrounds marked by packstone-filled burrows. Unit I
(45.9 to 53.1 ft [14.0 to 16.2 m] thick) contains abundant skeletal grains, including inoceramids and

inoceramid fragments and very abundant oysters and Gryphaea. Centimeter packstone beds and
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Figure 17. Characteristic lithologies of units E through 1. (a) Typical chalk core from unit E sample BE3
104, bed E-4a. Core does not appear weak or clay rich. (b) Inoceramid prism packstone-filled burrows
indicate episodes of sediment winnowing, although a firmground was not identified in core. Core BE3
115, bed E-6. (¢) Typical weak-weathering profile of the middle Austin Chalk was previously
interpreted as indicative of a high clay content in this unit (Koger, 1981). Railroad cut south of
Business 287 west of Waxahachie, Ellis County.

60



packstone-filled burrows mark frequent episodes of winnowing and firmground development.

Chondrites (small, branching burrows) are abundant in some of the darker fine-grained intervals. The
subdivisions of the middle Austin Chalk defined by gamma-ray character were not identified in
outcrop because of small and discontinuous exposures. Middle Austin Chalk outcrops weather weakly
and recessively (fig. 17c) as if they have a high clay content and therefore are described as marly or
chalk-marls (Dallas Geological Society, 1965, cited in Reaser and Collins, 1988; Dawson and others,

1983).

Upper Austin Chalk

Units J, K, and L have a low gamma-ray character and the units are subdivided by correlation of
individual marl beds with high gamma-ray response. Cycles in these units are less rhythmic than the
lower Austin Chalk, and chalks, marly chalks, and marls are more gradational into one another. Unit
thicknesses are more variable than in other members of the Austin Chalk and there is some doubt that
the marker beds defining the base of the units are exactly the same stratigraphic position in all wells.
Unit J (30.8 to 32.8 ft [9.4 to 10.0 m] thick) has not been examined in core. Units K (46.9 to 51.8 ft [14.3 to
15.8 m] thick) and L (28.9 to 54.8 ft [8.8 to 16.7 m] thick) continue the pattern of abundant packstone lags
and packstone-filled burrows (fig. 18a) seen in unit I. Fragmented inoceramids are the dominant
microfossil in unit K and are less abundant in unit L. In outcrops at the Lake Waxahachie spillway,
inoceramid prism packstone beds are ledge-formers (fig. 18b, c¢). Dawson and Reaser (1985) have
interpreted an increase in infaunal burrowers upward through this section, based on interpretation of
abundant burrows in the packstone as Thallasinoides, a burrow type with open branching passages
analogous to modern shrimp that is formed only in firm substrates. Core F4 contains abundant 0.4- to
3.9-inch-thick (1- to 10-cm) packstone beds but no single thick packstone correlatable to the beds
observed at the spillway. Lateral variability in thin cycles explains the variation in patterns of

gamma-ray logs in this interval.
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Figure 18. Characteristic lithologies of units K and L. (a) Disrupted packstone-bed and packstone-
filled burrows, sample BE3 25. (b) Packstone ledges (arrow) in unit L at Lake Waxahachie spillway,
Ellis County. Photograph by C. Kerans. (¢) Photomicrograph of echinoderm/inoceramid chalk
packstone-filling burrows, sample F4 114.3, photographed in plane light. Arrows indicate syntaxial
calcite rims on echinoderm plates, “I” shows cross section of prisms in a typical inoceramid shell.

(d) Top of the Austin Chalk and base of the Ozan Formation ("lower Taylor Marl”), sample F4 71. The
Austin Chalk was lithified prior to Ozan marl-sediment accumulation. Borings in the chalk are filled
with red shale and oxidized carbonate. A chalk clast is incorporated in the marl at the base of the

Ozan Formation.

62



The top of the Austin Chalk in Ellis County is marked by a phosphatized reworked, and bored
hardground (Fiirsich and others, 1981). In the F4 core, an 8-inch-thick (20-cm) conglomerate above the
bored surface is composed of clasts of oxidized red chalk, phosphatic, and fragmented inoceramid
debris in a dark shale matrix (fig. 18d). The Austin Chalk-Ozan Formation contact in Ellis County is
placed at the Santonian-Campanian boundary on the basis of planktonic foraminifers (Marks and
Stam, 1983). This is a young age for the lithologic change relative to other locations along the Austin—-

Dallas outcrop belt.

Ozan Formation

The Ozan Formation (lower Taylor Marl) is a dark-gray calcareous shale. Its gamma-ray response
and its appearance in core and outcrop are homogeneous. The Ozan Formation is overlain by the Wolfe
City Sandstone east of the SSC ring where the Ozan Formation is approximately 300 to 500 ft (~91.4 to

152.4 m) thick.

Patterns of Chalk-Marl Cycles

Cycles in the Austin Chalk are defined by repetitive alternation of carbonate-dominated beds
(chalk) and beds with a higher impurity content (marls). Marls are identified in core by darker gray to
olive colors (N3 to N5, 5Y4/1) relative to light-gray chalks (N7, 5Y 8/1). In outcrop, marls weather
recessively (fig. 19a). Chalk-marl contacts are typically gradational over 2 to 10 inches (1 to 25 cm)
because of changes in insoluble content. Contacts that are gradational over less than 1 inch (2 cm) are
described as sharp, those in which one sediment has been mixed into the other by discrete burrows are
described as burrowed contacts (fig. 19b, c), and those in which the transition occurs over a long interval
are described as gradational. Insoluble content and total organic carbon (TOC) were measured in
representative chalk-marl cycles (fig. 20a, b). Cycles determined by inspection of core had a good
match to the cyclic variation measured by acid-insoluble content as well as the cycles defined by

gamma-ray log response. Marls in unit A are composed of as much as 40 percent insoluble material in
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Figure 19. Characteristics of chalk-marl cycles
observed in outcrop and core. (a) Typical unit A
chalk-marl cycles in outcrop, Clark Street, High
Pointe subdivision, southern Dallas County. These
cycles have sharp contacts of chalks with underlying
marl and gradation from chalk into overlying marl.
(b) Burrowed, originally sharp (?) basal contact of
chalk with dark marl, sample BE3 178. (c) Top of
chalk bed, marl contact piped into chalk by
burrowers. Abundant Gryphaea within chalk may
indicate firmer substrate during chalk deposition.
Lake Waxahachie spillway, unit K.
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Figure 20. Cycle defined by insoluble residues and total organic carbon (TOC). (a) In a typical cycle in
unit D, compositional variation between chalk and marl is defined mostly by variation in TOC. Note
different scales for acid-insoluble residue and TOC. (b) In typical cycle in unit A, compositional
variation is defined by variation in acid-insoluble residue (mostly argillaceous material).
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contrast to much lower insoluble content of chalks. The unit A marl has slightly higher TOC
concentrations than does the chalk. Dark-colored laminated organic marls in unit D contained high
TOC but lower insoluble content than unit A marls.

Four marl beds contain segregated blebs or separate beds of white to iron-oxide-stained clay rich
beds (fig. 11). This clay has the characteristic appearance and “soapy feel” of bentonite. Six other marl
beds contain small clayey patches tentatively identified as reflecting a bentonitic contribution.
Discrete bentonite was identified only within marl beds, not in chalk beds. The thickest bentonite is
the prominent marker used as the base of unit B. In outcrops on the Clark Street, High Pointe
subdivision road cut, in Cedar Hill 9.3 mi (15 km) northwest of the SSC ring, several marl beds below
this marker are dark and laminated, appearing more similar to unit B marls. If the thick bentonite is
assumed to be a correlatable time line, onset of organic marl-producing conditions was earlier north of
Ellis County, toward the Dallas Basin, than on the northeast side of the SSC ring, where core was
examined.

The depth of the base of each marl bed and the thickness of the marl bed (from the position of the
most rapid color change) were measured to examine the effect of bed thickness on mechanical behavior
of the chalk (appendix F). A good correlation is apparent between individual gamma-ray peaks on
1:120-scale logs and marl beds observed in core. Units A, B, and D exhibit patterns in the relative
gamma-ray peak height traceable along the eastern edge of the SSC ring, indicating that the chalk-
marl cyclicity pattern has minimal variability in this direction (fig. 15). Cycle thickness averages
slightly less than approximately 3 ft (~1 m) (fig. 21). Cycles in unit A are thinnest, perhaps because
chalk-marl contacts are sharp and regularly spaced, indicating that no cycles are obscured. Average
marl thickness is slightly higher in units B and D. The middle and upper Austin Chalk have thicker
cycles and slightly thicker marl beds than unit A. Unit T has the thickest cycles and the chalk-marl

alternation is poorly defined because of the high average insoluble content of this unit.
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Figure 21. Average chalk and marl bed thickness for grouped informal subsurface units.
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Petrographic Description

Chalk

Chalk, by definition (Scholle and others, 1983), is composed of plates and fragments of coccoliths
and other nannoplankton (figs. 22 and 23). Nannoplankton in thin section (fig. 22a) appear as carbonate
mud (micrite). Rare intact coccolithophores (less than 10 mm diameter) are identified in thin section by
radial extinction. Sand-sized foraminifers (dominantly globigerinids with lesser amounts of more
robust forms) and calcite prisms that are derived from fragmentation of the calcite layers of inoceramid
shells (fig. 22b) make up 5 to 25 percent of most samples (fig. 22a). The macrofauna is dominated by
inoceramids. Oysters and Gryphaea are locally abundant and can be identified in thin section by
characteristic wall structures (fig. 22b).

The microfabric in SEM view of chalk is characterized by five components (figs. 22 through 26):
(1) nannoplankton (coccolith plates and fragmented plates), (2) foraminifers, (3) intact and fragmented
macrofauna (principally macerated inoceramid prisms), (4) calcite cement, and (5) clay. All chalk
samples are similar in that these components are present, but relative abundance and distribution vary
within samples, between samples, and between units (table 7). Nannoplankton preservation varies,
reflecting calcite dissolution, calcite precipitation, and clay distribution. Nannoplankton preservation
is typically excellent in units B, D, K, and L chalk samples (figs. 22 and 23). Preservation of some
coccoliths in unit A is modified by slight dissolution around the margins and is locally obscured by
calcite and clay precipitated on the grains (fig. 23a).

Most coccoliths are obscured by heavy clay coats in unit E, G, and I samples (fig. 24). Clay exhibits
three microfabric variations: (1) discrete flakes, (2) coats on grains, and (3) rare intergranular clay
cements. The amount of clay coat visible on nannoplankton tests is not linearly related to percent clay in
chalk samples. Samples in units E, G, and I with low (<10 percent) clay content typically have much
more visible clay in SEM view than do chalk samples from other units with higher clay content.

Calcite cements are pore filling and occur as well-formed rhombs with abundant minor faces

expressed (fig. 23d) as well as overgrowth on foraminifers and skeletal grains. Large calcite rhombs
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Figure 22. Petrography of typical chalk. (a) Globigerinid (G) and inoceramid fragments (I) are the
major allochems in chalk wackestone, photographed in plane light, sample K1 92.1, unit C.
(b) Fragments of typical macrofauna in thin section. The large shell with prominent cellular structure is
Gryphaea, and the prismatic material is a vertical section through a piece of a robust Inoceramus shell.
Thin-section sample F4 146, plane light. (c) Typical excellent preservation of coccoliths (resemble
wheels), prismatic crystallites from macerated inoceramids, and euhedral coccolith crystallites.
Sample J2 35, unit D, 34-percent porosity. (d) Whole and fragmented coccoliths are well preserved,
typical of unit B. Sample is K2 89.3.
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Figure 23. Typical SEM views of chalk. (a) Unit A chalk: fragmented coccoliths and other grains are
slightly corroded. Sample K2 154, 7-percent insoluble residue. (b) Chalk from unit K has well-
preserved coccoliths and euhedral calcite cemnent. Pristine appearance of nannoplankton indicates that
the calcite was probably derived from aragonite dissolution rather than dissolution of coccoliths.
Sample E4 64.8, 26-percent porosity. (c) Well-preserved nannoplankton typical of unit L. Sample from
prominent packstone bed at Lake Waxahachie spillway.
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Figure 23 cont. (d) Foraminifer partly filled with calcite cement. Nannobacteria are commonly observed
on calcite within foraminifer tests, but not on calcite cement in intergranular areas. Sample E4 64.8.
(e) Detail of nannobacteria on calcite cement within a foraminifer. Sample J2 35, unit D, etched
fractured surface. (f) Pressure solution has occurred where inoceramid prisms are in contact. Pressure
solution is typically minor in Ellis County, as evidenced by excellent preservation of most
nannoplankton tests. Photomicrograph is from sample F4 119, unit K.
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Figure 24. Clay coats obscure details of nannoplankton tests and fill pores in most chalk samples from
the middle Austin Chalk. (a) Clay coats almost obscure coccolith fabrics on fractured surface of sample
F3 64.7, unit I. EDS (energy dispersive system) analysis yields peaks for Ca, Al, and Si, indicating that
calcite and clay are present. (b) Some calcite (c) and nannoplankton fragments (n) can be seen in areas
not covered by thick clay coats. Sample is F3 94.1, unit G, with 7-percent insoluble material. (c) Clay
obscures most grains in chalk from sample BI3 81, unit E. This sample, with 18-percent porosity, is from
an unfractured core plug removed from a highly fractured zone with high transmissivity. Microfabrics
are typical of the middle Austin Chalk and document no significant alteration of host rock in a
fractured zone. (d) Clay coats and clay flakes are abundant in samples of the middle Austin Chalk
with only 5-percent insoluble residue. Sample number F3 43.5, unit I.
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Figure 25. Petrography of typical marl. (a) The high clay content of marl produces fissility and
plucking during thin section preparation. Sample from K1 91.25, unit D, photographed in plane light.
(b) Clay coats everything in marl in SEM view. Arrows show detrital clay flakes and coccoliths.
Sample K1 174.7, unit A, has 41-percent insoluble residue.

73



(a) (b)

f o
L
®|3 . -
E|E|~ Hydraulic conductivity (cm/s)
2215 108 107 106 10°%
0 L Il
50— |o|-
Q| o
Q_ -
S|
100
= 150 —
= O
[ —
ot |5
S s00-{8|2]2
p g
3 [O|FM™
I
S 2502
& <
z
o
2 300 — o
o
[ 2
. |m
B 3504 |3
2
o
400 —
<
450 -1 T T T T
5 10 20 30 40 .01 i3 1 10
LR Porosity (%) Permeability (md)
©
©
(4]
1 QAa2073¢

Figure 26. Trend with depth in (a) porosity and (b) permeability. Compare to the SP log in figure 12. SP
log value is low in upper and lower Austin Chalk where porosity is high, and high in middle Austin
Chalk where porosity is low.
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Unit

Eagle Ford

Ozan (Lower
Taylor Marl)

L

Table 7. Petrologic characteristics of informal Austin Chalk units.

Thickness, type
log (ft)
73

27

35

10

30

51

33

50

12

26
12

46

Log
character
High, marls 140 cps,
decreasing upward;
chalks 20-30 cps

Low, 20-70 cps

High, 40-120 cps

Low, 20-50 cps

High (200 cps) deceasing
upward

High

Characterless high
gamma-ray response
Moderate, variable
2040 cps

Low (20 cps) with sharp
peaks (40 cps) that
correlate to thin marls

Low (20 cps) with sharp
peaks (40 cps) that
correlate to thin marls
Low (20 cps) with sharp
peaks (40 cps)

30-40 cps, more sharp
peaks, slightly higher

overall

Generally low,

2040 cps

Slightly higher,

20-50 cps, more peaks
Low, 20-40 cps

Cycle
character
Strongly cydclic, dark,
laminated marls

Cyclic, one bentonite,
marls laminated

Thick, dark marls, well
bedded

Well-defined
chalk-marl cycles

Not well defined

Not cyclic
Not cyclic

Poorly cydlic, chalk
gradational into marl,
firmgrounds, grainy beds,
grainy burrow fills
Typical meter-thick cycles,
firmgrounds, grainy beds,
grainy burrow fills

Not seen in core

Typical chalk-marl cycles

Well-defined cycles, sharp

base of marls

Weakly cyclic, local
firmgrounds

Typical chalk-marl cycles
Typical chalk-marl cycles,

local firmgrounds, grainy
beds

Burrow
character
Planolites, Chondrites
especially abundant in
lower part

Planolites abundant,
Chondrites espedially in
marls

Planolites abundant,
Chondrites present
Plénoliles abundant,
Chondrites increase
upward through some
cycles

Planolites abundant

Compressed burrows
Strongly compressed

Phjmoll'tes abundant,
Chondrites abundant
locally limonitized,
possible Thalassinoides
Planolites abundant,
Chondrites present,
especially in marls and
darker layers

Npt seen in core

Planolites and Chondrites

Planolites and Chondrites

Planolites dominant, large
pyrite nodules

Planolites dominant, large
pyrite nodules

Planolites and Chondriltes,
large pyrite nodules

Dominant macrofossils

Abundant whole and
fragmented thin-walled
inoceramids, especially in
marls, oysters in D-10, D-
12

Inoceramids abundant in
chalks and marls

Inoceramids abundant
especially in marls
Sparse

Inoceramids and oysters,
phosphate bones and
teeth at base

Sparse
Sparse

Sparse oysters

Inoceramids and
inoceramid fragments in
both chalks and marls,
oysters present in bed K8

Inoceramus and
inoceramid fragments
abundant in chalk and
marls, abundant oysters

Inoceramus and
inoceramid fragments
Sparse

Sparse

Sparse, thin-walled
mollusks



partly filling foraminifers (fig. 23d, e) have abundant 0.2-mm spherical or rod-shaped objects on the
surface, interpreted by R. L. Folk (personal communication, 1992) as calcified nannobacteria. Calcite is
most abundant in unit K and L samples, moderately abundant in units A and E, and sparse in unit D.
Evidence of minor amounts of pressure solution has been seen in a few chalk and marl samples (fig. 23f)
but is minor compared to chalks from the deeper subsurface where all chalk-marl contacts are enhanced
by wispy lamination and porosity has been reduced (Scholle, 1977a, c; Dravis, 1980).

Very low (<0.1 percent) amounts of dolomite rhombs and pyrite framboids were identified in a few

samples examined with the SEM and only where chalk had been lightly etched in weak hydrochloric

Marl

Marl is the term customarily applied to mixtures of chalk and argillaceous material (Scholle and
others, 1983). Marl samples contain a disseminated, optically recognizable, low-birefringence clay
component, yielding darker colors in transmitted light and poor mechanical strength, evident in
fractures and plucking within the thin section (fig. 25a), as well as a tendency for samples to fracture
during handling. Segregated clay seams or discrete organic grains are rare in marl thin sections.
Compositional differences are minimal in marl so that lamination is rarely seen in thin section.
Foraminifers and inoceramid prisms, as well as intact inoceramids, are present in most marls in
concentrations equal to or greater than those in chalk. In SEM view, most marls are uninformative
because clay coats both fractured and etched surfaces (fig. 25b). The thick bentonite at the base of unit B

contains macroscopically visible black biotite concentrated at its base.

Porosity and Permeability

Matrix porosity of the Austin Chalk measured in 15 samples ranges between 19 and 34 percent
(table 8). These high porosities are typical of chalk that has not been deeply buried (Schlanger and

Douglas, 1974; Scholle and Cloud, 1977 ; Travis, 1980: Scholle and others, 1983; Pollastro and Martinez,
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Table 8. Porosity and permeability data from analysis of core plugs.

Sample Depth llzjo)eelgtir1 Permeability Porosity  Density
no. (ft) TAC (ft) Unit Lithology (md) (%) (g/cm?) Comment
E464.8 64.8 49 K chalk . 0.138 26 269
E49495 94.95 74 K chalk 0.164 28.1 27
T3483 483 180 G chalk 0.1 21 27
T36555 65.55 200 G chalk 0.088 21.7 2.7
B13 78.1 78.1 227 E chalk 0.167 21.9 269 Fracture zone
B1379.3 793 228 E chalk 0.137 25 271 Fracture zone
B13 81.4 814 230 E chalk 0.07 19.1 267 Fracture zone
BI3 84.1 84.1 234 E chalk 0.033 18.8 268 Fracture zone
B13 94.9 949 2929 D chalk 0.394 31.6 2.72 Below fault
J235.1 35.1 309 D marl (org.) 127 345 271
J2403 40.3 314 D chalk 0.558 339 261
J2123.2 123.2 3% A chalk 0.3 309 27
J2125.8 125.8 398 A marl 0.072 264 27
J2140.8 140.8 410 A chalk 0.299 30.8 271
J2160.05 160.05 431 A marl 0.123 285 27
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1985). The lower Austin Chalk (units A and D sampled) consistently has the highest porosities. The
lowest porosities were all measured in the middle Austin Chalk in units E and G, and upper Austin
Chalk porosities are intermediate (fig. 26a). Permeability is low (0.03 to 1.27 md) (table 8). Low
permeability is the result of the fine grain size of coccoliths and correspondingly small pore throats in
the chalk. Nevertheless, the vertical permeability trends (fig. 26b) parallel the porosity trends. One
set of samples collected from unfractured intervals within a faulted zone (R. K. Senger, personal
communication, 1992) has porosity and permeabilities as well as microfabrics indistinguishable from
those collected from unfractured zones, indicating that fracturing is not responsible for altering matrix
properties. Permeability-is-linearly related to porosity (fig. 27). The samples from the middle Austin

Chalk plot along a slightly different trend than do those from the rest of the formation.

Insoluble Residue

The insoluble content of 93 representative chalk and marl samples through the Austin Chalk
section was separated by dissolution of crushed samples in dilute hydrochloric acid. The grain size
distribution was measured in 52 of these samples by sieving and settling tube analysis. Clay mineralogy
and TOC were measured on end-member and representative samples. Table 9 shows the results of these
analyses.

Insoluble content varies from 86 percent for the bentonite in marl bed B-12 to as little as 3 percent in
chalk (fig. 28). The average insoluble content in chalk varies between units (fig. 29). Units B, C, and D
have low average insoluble and also low silt content, so that a higher percentage of the acid-insoluble
material is clay size. Marls have consistently higher insoluble content than do adjacent chalks, with
average chalks having clay contents of 8 to 15 percent and marls having clay content of 18 to 26 percent
(fig. 21). Bentonitic marls contain fairly abundant sand- and silt-sized material. Optical examination
of this material (discussed below) demonstrates that much of the sand- and silt-sized material is

quartz and feldspar phenocrysts that were part of the volcanic ash
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Table 9. Grain size and compositional analysis of insoluble residue (IR) from acid dissolution of chalk (C) and marl (M).

Mineralogy of the sand-sized fraction

Sample location Graln size and analysls (100 X % of whole rock)
Depth Com- % % %

Sample  below Bed posi- % % Hema- Limo- Quartz+ % % %
Well no TAC no. tion %IR TOC %Sand %St % Clay Pyrite tite nite  feldspar Blotite  Glauc.  Phos.
K 63.3 -8.7 ™ M 8066 1.60 41.13 3793 0.160 0.160  0.000 0.000  0.160 0.000  0.000
K 64 -8 ™ M 8032 - 0.09 43.19 37.04 0465 0.093  0.465 0.000  0.093 0.000 0.000
K €7 -5 ™ M 8272 - 135 2257 58.80 6.760 0.000  0.000 6.760  0.135 0.135  0.135
F4 714 -06 ™ M 81.00 - 0.58 22.81 57.61 23.100 0.058 11.550 0.577 0.058 0.058 0.058
371 71.6 -04 ™ M 6355 - 0.05 20.70 42.80 0.094 0235  0.469 0938  0.141 0.005 0.000
37 80.6 8.6 n C 2124 - 0.05 3.18 18.01 0.099 0.000 0.247 0990  0.000 0.000  0.000
K 85 13 5| C 1738 023 - - - - - - - = - -
F4 88.7 16.7 151 M 33.19 - 0.02 12.81 20.36 0.023 0.000 0.115 0.000 0.000 0.002 0.000
3 92.5 205 ] M 5261 023 0.07 897 43.57 0.138 0.007  0.000 2765  0.069 0.000 0.007
K 972 252 12 C 16.13 - - - - - = - - - -
K 104 32 13 M 5373 - 31.51 945 12.76 - 3.151  0.000 3 151 3.151 0.000 0.000
K 1055 335 14 M 2018 - - - - - = - - = - -
K 1143 423 K1 M 14.71 - - - - - - = — - - -
K 119 47 K2 M 1725 - - - - - - - - - - -
M 124 52 K4 C 8.75 - - - - - - - - - - -
K 126 54 K4 M 12.69 - 0.00 291 9.78 - - - - = - -
K 131 59 K4 C 14.68 - 0.03 238 12.27 0.063 0.003  0.127 0.000  0.003 0.003  0.000
271 1354 634 K5 M 2248 - 0.19 217 20.12 0019 0.000 0.019 10.248 0.190 0.000 0.019
K4 1414 24 K8 M 17.29 - 0.01 323 14.04 0.000 O 001 0.001 0316  0.210 0.000  0.000
2%} 143.8 74.8 K9 M 3753 - - - - - ~ — - - -
K 146.1 771 K C 8.03 - - - - - - - - - - -
3] 322 118.2 i C 16.99 - - - - - - - - - -
F3 331 119.1 n M 3375 - 0.03 5.80 2792 0.000 0.000 0.061 0306 0919 0.000  0.031
R 43.5 129.5 2 C 530 0.15 0.00 056 474 0.000 0.000 0.002 0.000  0.000 0.000  0.000
F3 49.8 1358 R Cc 31.63 - - - - - - - - - -
F3 64.7 150.7 u M 4485 034 0.10 16.83 2192 0.199 0.000  0.199 3980  0.199 0.000 0.000
F3 65.8 151.8 5 M 18.35 - 0.00 3.84 14.50 0.017 0.000 0.087 0.070 0.000 0.000 0.000
F3 90.9 176.9 B C 14.03 - - - - - - - = = - =
P 932 179.2 5 ¢ M 7559 - 042 25.70 49.89 0.000 0.000 0.000 24.529 0.416 0.042  0.000
F3 94.1 180.1 Gl C 739 - - - - - - - - - - -
F3 113.2 199.2 F c 32.70 - 0.03 10.14 253 0.000 0.000  0.003 0.851 0.387 0.000 0.052
F3 137 23 B3 M 19.90 - 039 627 13.24 0.783 0.039  0.039 6.653  0.783 0.000 0.000
F3 151.3 2373 B M 2274 - - - - - - - - -
F3 158.1 244.1 BS M 2696 - 0.04 6.78 20.14 0.588 0.039 0.039 0.078  0.039 0.004  0.000
K2 16.8 268.8 m M 19.82 - 0.06 413 15.63 0.059 0.118  0.059 0.000  0.006 0.000  0.000
K2 20.6 272.6 ™ M 2008 - 0.02 407 15.99 0.091 0.002  0.000 0729 0.018 0.000  0.000
K2 25 21 D6 C 6.65 - 0.02 052 6.1 0.673 0.067  0.000 0.084  0.000 0.000 0.000
K2 33.6 285.6 D8 M 27.86 - 0.16 561 22.09 0.163 0.163 0.000 0.000 0.016 0.000 0.016
K2 394 2914 D10 M 4873 - 0.06 1.18 47 49 2929 0.006  0.000 1172 0.000 0.006 0.006
K2 41.7 293.7 D12 C 3.11 - - - - - - - - - -
K2 559 307.9 Di8 M 4955 - - - - - - - - - - -
K2 653 3173 D20 M 13.51 - 0.01 1.86 11.63 0.001 0.000 0.000 0497 0.001 0.000 0.124
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Table 9 (cont.)

Mineralogy of the sand-sized fraction

Sample location Grain size and analysis (100 x % of whole rock)
Ki 894 3274 D23 M 2063 2.60 - - - - - - - - - -
K2 75.7 327.7 D23 M 1805 - 0.01 4.66 13.38 0.060 0.001  0.121 0121 0.001 0.000  0.000
Ki 89.9 3279 D23 M 1811 350 0.02 329 14.80 0.002 0000  0.002 0.020  0.002 0.000 0.000
Ki 90 328 D23 M 1777 305 - - - - - = = = -
K1 90.1 328.1 D23 M 1290 143 - - - - - = = = -
K1 90.6 328.6 D24 C 6.00 0.26 - - - - - = = - - -
Ki 90.8 328.8 DA C 581 024 - - - - - - — - = -
Ki 90.9 3289 D24 C 721 029 0.00 0.80 641 0.146 0.000  0.098 0049  0.024 0.000 0.00"
Ki 91.1 329.1 D24 M 1205 - - - - = - - = = = _
K1 91.2 329.2 D24 M 3744 086 - - - - - - - - - -
K1 91.7 329.7 D25 (o 647 - - - - - - - - - -
K1 91.8 329.8 D25 (o 797 - - - - = — - = - = -
Ki 92.1 330.1 D25 C 5.62 - - - - - - - = . = -
K1 922 330.2 D25 M 1062 - - - - = - N - - _
K2 82 334 C1 M 1175 - 0.04 1.64 10.08 2501 0.004  0.004 0385  0.000 0.000  0.92
K2 85.7 3377 C2 M 6170 053 0.00 740 5430
K2 883 3403 C3 M 1237 - 0.00 438 748 0201 0000  0.000 0.150  0.000 0000 0070
K2 893 3413 4 C 596 - 0.04 0.72 5.20 1.897 0.000  0.004 0.190  0.000 0004  U.000
K2 98.2 350.2 B1 M 1595 205 0.01 6.25 9.69 0.053 0.000  0.000 0.107  0.000 0.000  0.000
K2 100 352 B2 C 14.23 - 0.03 659 7.61 0.151 0.000  0.003 0.000  0.000 0.000  0.000
K2 1032 355.2 B2 M 1901 - 0.12 7.08 11.81 0.120 0000  0.000 0. 598 0.012 0.000  0.000
K2 1043 356.3 B2 M 5066 - - - - - - = = = =
K2 109.6 361.6 B4 C 9.16 - - - - - - = = - o B
K2 1136 365.6 BS M 2260 296 0.03 433 18.24 - = = - -
K2 1199 371.9 B8 M 1795 - 0.16 8.03 9.76 0.160 0.000  0.000 0.800  0.016 0.000 0.000
K 1324 3844 B12 M 8558 - 0.69 46.21 3851 3466 0.000 0.000 31.194 13.864 0.000 0.03C
K2 1403 392.3 Ad M 1834 - - - - - - - -
K2 1425 394.5 A5 C 15.05 - 0 00 13.35 1.70 0.002 0000  0.000 0.048  0.000 0.000  0.000
K2 1505 402.5 A9 M 2137 - 0.04 527 16.07 0.037 0.000  0.000 0371 0.000 0.000  0.000
K2 1546 406.6 A C 740 - 0.01 115 6.23 0.065 0.000  0.840 0.000  0.000 0.000  0.000
Ki 1747 412.7 Al2 M 4085 - - - - - - - - - - -
Ki 17515 413.1 Al12 C 387 - - - - - - - - -
Kt 1751 413.1 A12 M 3518 054 0.12 734 21.72 1154 0.000 4.038 1730 1.730 0.000  0.000
Kt 1758 413.8 Al12 C 711 - - - - - - - - - - —
Ki 1763 4143 Al2 c 403 0.11 - - - - - - -
Kt 177 415 Al3 M 1279 033 0.06 1.96 10.77 3478 0000  1.897 0.000  0.000 0.000  0.000
Kl 1774 4154 Al3 M 1279 - - - - - = = - = = =
Ki 178 416 A13 C ‘928 - - - - - - = - = s -
Kl 1784 4164 Al3 C 836 - - - - - - - - - - -
Ki 1789 416.9 Al3 C 784 - - - - = - = = = = -
Kt 1793 4173 A13 C 899 - - - - - - - = - - o
Kt 1797 4177 Al3 C 945 - - - - - - - - - - -
Kt 1798 4178 Al3 M 1227 - - - - - - - - - -
Ki 1803 4183 A13 M 3659 052 027 931 27.00 - 0000 5477 1369  0.274 0.000  0.000
K2 1702 4222 Al5 M 2646 - 0.03 3.9 2253 0.131 0.000  0.131 0.000  0.000 0.000  0.000
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Table 9 (cont.)

Mineralogy of the sand-sized fraction

Sample locatlon Grain size and analysis (100 X % of whole rock)

K2 1777 429.7 Al8 M 2425 - 0.01 9.61 14.63 0.105 0.000 0.132 0330  0.001 0.001  0.000
K2  186.6 438.6 A20 M 1783 - 0.02 642 11.38 0223 0002  0.223 0223  0.112 0.002  0.000
Ki 2136 451.6 T C 1136 132 0.08 2.78 849 0.008 0.008  0.000 1.687  0.169 0.844  0.675
Ki 2145 4525 T C 10.85 - - - - - - - - — - =
Ki 215 453 T M 3110 - 3.64 12.76 14.70 - 0000 0000 72813 7281 36406 72.813
Ki 2186 456.6 EF MR 8192 071 0.03 39.39 42.50 0.057 0.003  0.003 0571 0.000 0.228  0.000
—=No data
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Figure 28. Vertical distribution of acid-insoluble

material in chalk and marl.
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Clay Composition

Clay minerals typical of chalks and marls include montmorillonite, some possibly mixed-layer
montmorillonite, with lesser amounts of kaolinite and illite. Samples from the top of the Eagle Ford
and base of the Ozan Formation contained similar clay minerals. A sample from the B-12 bentonite
contained only montmorillonite in the clay-sized fraction. Other beds with blebs of bentonite contained

a more diverse suite of clays.

Sand-Sized Material

Quartz, feldspar, biotite, pyrite, hematite, limonite, glauconite, black organic grains, and
phosphate are the components of the sand-sized fractions of insoluble residues (fig. 30, table 9). Clay
aggregates and gypsum present in insoluble residues are interpreted as artifacts of sample handling and
preparation and were eliminated from further calculation. Sand-sized material makes up a very minor
component of chalk and marl (<0.01 to 0.4 weight percent) but provides information about the
provenance of argillaceous material. Examination of more abundant silt-sized material with the
binocular microscope confirmed the general compositional similarity between sand and silt.

Quartz is the most abundant material in the sand-sized fraction of most samples. Three
petrographically separable types of quartz were identified: clear quartz, inclusion-rich quartz, and
chert. Inclusion-rich quartz and chert indicate influx of terrigenous detrital material reworked from
older sediments. Although they are present in most chalk and marl samples (fig. 30a), they are
especially abundant in the condensed section at the base and top of the Austin Chalk. Clear quartz is
locally euhedral and is abundant in the B-12 bentonite, demonstrating a probable volcanic origin. Much
of the clear quartz is conchoidally fractured. The cause of this fracturing is not understood. If it is not an
artifact, the extreme angularity of this quartz supports an airborne origin. Quartz is abundant in most
samples from the middle Austin Chalk (units E-I, fig. 30a) and is present in lesser quantities

throughout the Austin Chalk(table 9). In most samples, clear and cloudy quartz are mixed.
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Feldspar is present and associated with quartz and biotite. Feldspar was not quantitatively
separated from quartz because of the small sample size and therefore is not shown in table 9. X-ray
diffraction analysis of the B-12 bentonite shows quartz, feldspars, biotite, and pyrite. Energy
dispersive spectrum (EDS) analysis of feldspars suggests that Ca plagioclases are more abundant than
Na plagioclases. Ca plagioclase has been vacuolized and cleaved; Na plagioclase has been corroded
and rounded.

Biotite is unweathered and some is clearly euhedral. It makes up as much as 33 percent of the
sand-sized fraction. Biotite is macroscopically identifiable in the B-12 bentonite. Other high
concentrations (fig. 30b, table 9) indicate an important bentonitic contribution to other marl beds and
confirm that many of the blebs of white clay are bentonites (altered volcanic ash). Biotite is abundant
in the base of chalk-condensed section. Lesser concentrations of biotite are present in all of the samples
from the middle Austin Chalk. This distribution matches the interval of increased abundance of clear
quartz and feldspar discussed above.

Glauconite and phosphate occur as rounded sand-sized grains (fig. 13a). Both glauconite and
phosphate were concentrated in the condensed section at the base and top of the Austin Chalk. Either
glauconite or phosphate is slightly concentrated in a few beds within the chalk, notably within two
samples in units C and D (fig. 30c).

Pyrite is more abundant than quartz in some acid-insoluble residue samples of chalk and marl
Scattered macroscopic pyrite nodules are observed in outcrop and core in chalk and marl, especially in
the middle Austin Chalk. A few insoluble residue samples that intersected a pyrite nodule were
eliminated from further quantitative analysis because they are not representative of the average rock
composition. Discounting the samples with high pyrite concentrations, disseminated pyrite is
consistently abundant in units B and D (fig. 30d). Pyrite occurs as cubes, irregular aggregates,
pyritohedrons, and framboids. Various degrees of oxidation of pyrite to hematite and limonite are
observed, and casts of these minerals after pyrite are common, especially in the upper parts of cores

within 32.8 ft (10 m) of the top of bedrock.
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Total Organic Carbon

Total organic carbon (TOC) was measured in 21 samples of chalk and marl selected to represent
typical ranges for each unit (fig. 22e, table 9). The highest TOC values (1.4 to 3.5 weight percent) were
measured in marls from units B and D and correspond to dark color and to preserved lamination. Chalk

has a consistently low TOC, 0.1 to 0.3 weight percent in all units sampled.

Stable Isotopes

Representative chalk and marl samples from the Austin Chalk were sampled for 813C and §180
(table 10). 880 ranges from -2.62 to -3.49%o (measured versus the PDB standard), and 8!3C ranges from
1.81 to 1.35%0 PDB. No clear trend in 813C or 8180 is evident by unit or with depth in the Austin Chalk
(fig. 31), and selected samples across one cycle showed no pattern to the fluctuation of §13C and 8180
within one cycle (fig. 31). A possible trend of increasing §13C with increasing 8180 may be defined by
plotting 813C versus 8180 (fig. 32), although anomalously heavy carbon was measured in two samples

from chalk, one in unit D and one in unit K.

Discussion
Stratigraphic Variation in Microfabrics

SEM examination of representative samples of chalks showed systematic variability in clay
distribution. As seen on a freshly fractured surface of chalk from the middle Austin Chalk, clay coats
almost all of the nannoplankton, so that the coccoliths and calcite cement seen in the lower and upper
Austin Chalk are obscured. Chalk samples from the middle Austin Chalk, however, do not have a
much higher clay content than other samples (figs. 28 and 29). The difference, then, is in
microdistribution of clay (fig. 33). In the middle Austin Chalk, a thin layer of clay coats all grains in
comparison to other chalk beds in the Austin Chalk, where similar quantities of clay occur as 1-mm

flakes and larger structureless masses. The microdistribution of clay varies from percent acid-insoluble
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Sample
no.
E4 64.8
E4 94.95
T3 48.3
T3 65.55
BI3 814
BI3 84.1

J235.1
2403

J240.3

K1 178.0
K1 178.9
K1 179.7
K1 180.3

Table 10. Stable isotopes from representative chalk and marl in the Austin Chalk.

Depth
below
TAC (ft)
49
74
180
200
230
234
2929
309
314

416
416.9
417.7
418.3

Unit

gouummRRK

> >

Lithology

chalk
chalk
chalk
chalk
chalk
chalk
chalk
marl (org.)
chalk

chalk
chalk
chalk
marl

s13C
1.66
1.55
1.57
1.73
1.62
1.53

1.35
1.81
1.78
147
1.23
1.37
147
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Stand.

dev.
313C
0.04
0.04
0.01
0.03
0.07
0.03

0.05
0.04
0.04
0.02
0.01
0.14
0.07

3180
-2.62
-3.28
-3.16
-3.49
-2.98
—-2.86

-3.19
-3.84
-3.88
-3.30
-3.56
-3.32
-3.49

Stand.

dev.
3180
0.03
0.03
0.03
0.03
0.06
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Figure 31. Vertical distribution of 8180 and §'3C in calcite through the Austin Chalk. Detail boxes
show the distribution of stable-isotopic composition of four samples within a marl-chalk cycle.

89



1.9
A ° i
1.8 .// Duplicates
[
1.7 +
o
[a]
2 1.6
o
o
o
gO 1.5 4
w
1.4
1.3
1.2 ; :
-4.0 -3.5 -3.0 -2.5
5180 900 (PDB)
el Marl ® Chalk QAa2080c

Figure 32. Relationship between 813C and 8180 in chalk and marl samples.

b agtn
8%
252

Typical chalk ','Clay
T

Nannoplankton

Middle Austin Chalk

7% Authigenic clay QAa2081¢c

Figure 33. Microdistribution of clay, drawn on the basis of SEM examination of typical samples from
various Austin Chalk units. SEM view is limited in that fractured faces go between, not through, the
micron-scale particles that compose the chalk. In this view, the particles are shown as if they have
been sliced to enhance the differences in clay distribution.
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of percent clay-sized material, which is similar in the middle and upper Austin Chalk. A sample of
the upper Austin Chalk with moderate-insoluble content (14 percent) lacks pervasive clay coatings,
whereas low-insoluble content (7 percent) chalks in the middle Austin Chalk have clay coatings on
most component grains. However, all marl samples with high-insoluble content have pervasive clay
coating all surfaces.

The differences in the microdistribution of clay are interpreted as a contrast between clay coats,
formed by authigenic precipitation of clay, and clay that was deposited as detrital material sourced
from distant upland areas or reworked altered volcanic ash. This interpretation is based on the
coincidence of clay-coated nannoplankton with persistent biotite, quartz, and feldspar phenocrysts in
the middle Austin Chalk. The distinction between the middle Austin Chalk and the other units isthat
almost every sample in the middle Austin Chalk has some evidence of volcanic contribution, in
comparison to higher but more sporadic discrete bentonites in other units. During middle Austin Chalk
deposition, minor ash fall must have occurred frequently. Authigenic clay derived from devitrification
of volcanic ash codeposited with the chalk efficiently coated most of the grains. The detrital clay was
not as efficient at coating the nannoplankton grains, possibly because the detrital clay was flocculated
in seawater or otherwise not dispersed. Grains are, however, obscured in all marls because of high
concentrations of either detrital or volcanogenic clay.

The clay distribution is a factor influencing permeability and log character. The low SP response
of the middle Austin Chalk is classically interpreted as a middle high-clay unit (e.g.,.the Bruceville
chalk-marl of Durham, 1957; Dallas Geological Society, 1965, cited in Reaser and Collins, 1988).
However, clay content in the middle Austin Chalk in Ellis County is not markedly higher than in other
units (figs. 21 and 28). This holds true if the clay and insoluble material are averaged in chalk and
marls through the interval, measured only in chalk, or measured as average marl bed thickness.
However, the middle Austin Chalk in Ellis County exhibits low plug porosity and permeability as
well as the low response on SP logs characteristic of this unit regionally. The porosity/permeability
response is interpreted as an effect of the abundance of authigenic clay coats in this interval. The

authigenic clay fills many intercoccolith areas, reducing porosity. The permeability of the middle
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Austin Chalk is higher than an equally low porosity sample of upper or lower Austin Chalk would be,
based on the porosity/permeability cross plot. This observation supports the picture of authigenic clay
coats on grains shown in figure 33 because the clay preferentially coating grains impedes flow slightly
less than a large amount of detrital clay in interpore areas.

The increased abundance of calcite cement in the upper Austin Chalk (units ], K, and L) is
interpreted as a product of aragonite stabilization. Its stratigraphic distribution may reflect increased
faunal diversity in units J, K, and L. The relationship between calcite cement and aragonitic fauna has
been noted in‘'the Austin Chalk of South Texas and interpreted as a cause of decreasing porosity
crosscutting the typical depth- and dissolution-related trends (Dravis, 1991). Analogous calcite cements
sourced by dissolution of the aragonitic nacreous layer of inoceramids and cephalopod shells have been
documented in the Campanian Annona Formation of southwest Arkansas (Bottjer, 1985). The pressure
solution of calcite common in the subsurface Austin Chalk (Scholle and Cloud, 1977; Czerniakowski and
others, 1984) is minor in Ellis County, evidenced by good coccolith preservation and only very minor
fabric evidence of compaction (few of the fractured grains or wispy laminations typical of subsurface
Austin Chalk). Minimal pressure solution is typical of the Austin Chalk in outcrop where burial has
been minimal. The moderate SP response and permeability in the upper Austin Chalk in Ellis County

may reflect either fairly abundant fine calcite cement or a moderately high clay content in chalk.

Bentonite Beds

Bentonites (altered volcanic ash beds) have been recognized in the cores of the Eagle Ford
Formation, Austin Chalk (Dallas Geological Society, 1965, cited in Reaser and Collins, 1988), and
Taylor Group (Dawson and others, 1985). The Wolfe City Sandstone (Taylor Group) contains abundant
volcanic rock fragments and Na-plagioclase as well as quartz and heavy minerals indicative of
recycled older sediments with metamorphic source areas (Beall, 1964).

Volcanic contribution is evidenced in cores from the SSC ring by both discrete monimorillonite

concentration within marl beds and in volcanic components disseminated through chalk and marl beds.
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Bed B-12, the marker at the base of unit B, is a bentonite thick enough to have been preserved as a
compositionally distinct unit even after burrowing. It has a coarse concentration of biotite, quartz, and
feldspar at its base in a montmorillonite matrix. Feldspar, biotite, and clear, angular (conchoidally
fractured or euhedral) quartz are interpreted as volcanic contributions because of their abundance in the
B-12 bentonite and because of their typical association with volcanic ashes. Other volcanic quartz,
biotite, and feldspar, as well as montmorillonite, are disseminated in both chalk and marl beds. Clear,
angular quartz and biotite are present in every sample from the middle Austin Chalk, as well as in
about half of the other samples. Presumably these disseminated components originated in small ash
fall events but were mixed with the sediment by burrowing and reworking. Transportation of volcanic
components as detrital material from distant emergent or more local winnowed shelf areas is also
possible, as docuinented by the inclusion-rich quartz and chert in the sand-size fraction in many
samples. In most samples more than half of the quartz is clear and angular, which gives a rough
indication of the relative importance of volcanic and detrital contribution. Likewise, the
montmorillonite-dominated clay suite in chalk and rﬁarls reflects a mixture of clay derived from
(1) alteration of volcanic ash-fall glass deposited in the chalk and marl and (2) clay of either altered
volcanic or other origins reworked from emergent or shelf areas. Illite and possibly kaolinite may be
indicators of nonvolcanic contribution to the chalk.

Possible sources for ash are Balcones trend volcanism (Ewing and Caran, 1982; Ewing, 1986),
volcanics from Arkansas, and western United States volcanic source areas. Balcones volcanism occurred
during upper Austin Chalk and Ozan deposition (Ewing and Caran, 1982) and was dominantly mafic, so
it is an unlikely source for the quartz-bearing bentonites through the entire Eagle Ford-Austin Chalk-

Taylor Group section.

Chalk-Marl Cyclicity

Rhythmically bedded, meter-thick cycles may have formed in response to allochthonously driven

variables (for example, climatic fluctuations caused by regularly occurring shifts in the Earth’s orbit) or
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be related to regular but localized shifts in sedimentation patterns. Chalk-marl alternation falls in the
production/dissolution style of cyclicity (Einsele, 1982; Research on Cretaceous Cycles [ROCC] Group,
1986). That is, the alternation between chalk and marl accumulation can reflect either (1) variation in
nannoplankton productivity or (2) variation in argillite input. Preferential dissolution of calcite along
clay—calcite grain boundaries in marl beds causing concentration of clay in marl beds (rhythmic
unmixing) is important in many cyclic sediments (Einsele, 1982; Hallam, 1986). Preferential dissolution
of calcite-creating microstylolites and concentration of insoluble; materials at the edges of macrofaunal
components is recognized but appears to have had minimal impact on bed thickness and clay content in
the -Austin Chalk in Ellis County. Firmgrounds characteristic of scour cycles (ROCC Group, 1986) are
few, stratigraphically restricted, and may be of only local extent in the Austin Chalk in the Ellis
County area. Firmgrounds in the Austin Chalk in Ellis County have not been lithified. The surface
developed on the top of the Austin Chalk at its contact with the Ozan Formation is the exception

because it is phosphatized, indicating a more prolonged episode of nondeposition.

Diagenesis

Fabrics observed during this study support the conclusion that has been reached for most
shallowly buried chalks, namely, that diagenetic modification has been minimal because of the
original mineralogical stability of chalk (Scholle and others, 1983). In the Austin Chalk, petrologic
textures indicate that the original sediment has been modified by the following processes: (1) coccolith
ooze dewatered, (2) volcanic ash devitrified sourcing authigenic clay, and (3) aragonitic fossils
dissolved and the CaCOj; reprecipitated as pore-filling calcite cement and overgrowths. Pressure
solution along stylolites and large skeletal grains was minimal.

The Austin Chalk has been variously interpreted as an open or a closed geochemical system. This
has implications in the SSC area for the chemical evolution of the chalk and enclosed fluids. Dravis
(1980), Cloud (1977), and Scholle and Cloud (1977) documented changes in whole rock stable isotopes

with depth, which they interpreted as cvidence of pressure solution at higher temperature leading to
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isotopic fractionation. Dravis (1980) also interpreted calcite cements as evidence of freshwater
invasion of shallow-water Austin Chalk facies on the San Marcos Arch. Czerniakowski and others
(1984) drilled splits of a variety of calcite phases from chalk, including some vein samples, and
concluded that isotopic fractionation had been minimal because the chalk was a hydrologically closed
system. Oil in South Texas Austin Chalk reservoirs is interpreted as self sourced (Grabowski, 1984;
Hunt and McNichol, 1984), indicating a dominantly closed system during oil maturation. Corbett and
others (1991b) documented an early generation of fractures in the lower Austin Chalk (Atco) that are
filled with calcite and clay and are interpreted as the product of natural hydrofracturing of the chalk
and expulsion of fluids from the underlying Eagle Ford Formation. In contrast, calcite vein-fillings in
'southern Ellis County have 87Sr/86Sr-of 0.7073 to 0.7074, close to the expected values for Cretaceous-sea-
water (Reaser and Collins, 1988). This supports a hydrologically closed system for these veins, because
waters that were derived from feldspar-bearing units such as the Woodbine or potentially the Eagle
Ford Formation might be expected to acquire more 875r from rubidium decay.

In Ellis County samples, oxygen in calcite is lighter with increasing permeability (fig. 34a).
Carbon shows a possible weak trend of isotopically lighter carbon with increasing permeability
(fig. 34b). Samples with the highest permeability are found in the units that characteristically
exhibit the best preservation of fine structure in nannoplankton. It is possible that the porosity-
occluding processes or pressure solution enhanced by clay-calcite grain contacts occurred in cool ocean
water and resulted in precipitation of isotopically heavier calcite or preferential dissolution of
isotopically lighter components, for example, plankton formed in warm near-surface w;ater. It is also
possible that units with higher porosity have undergone isotopic exchange with isotopically light
fresh water; however, if this occurred, the exchange took place without significant calcite dissolution

and reprecipitation.
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Figure 34. Relationship between chalk permeability and (a) 8180 of calcite and (b) §13C of calcite, both
showing a weak negative correlation. Permeabilities of 3 samples were estimated from figure 26.
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Vertical Facies Variation in the Austin Chalk

Sedimentological features provide information about evolution of the Austin Chalk depositional
environment (fig. 11). Interpretation of the depositional environment is based on the distribution of
channels, firmground, cycle patterns, the insoluble content, and fauna.

A condensed section and accumulation of quartz, glauconite, and phosphate sand and pebbles
marked minimum sediment accumulation during the rapid transgression that initiated chalk
deposition. The initial phase of chalk deposition (unit A) is interpreted as a time when
resedimentation of chalk was important. Resedimentation is reflected in chalk-filled channels. The
paucity of macrofauna in this interval may also reflect reworking or rapid sedimentation of this unit.
Resedimentation might have been favored by topographic irregularities or high depositional gradient
on the shelf during initial chalk deposition. The sedimentologic conditions in which channels form in
chalk have not been well documented in modern environments. In ancient sediments, channels are
interpreted as a characteristic of near-shore and transitional areas (Scholle, 1977b). Schatzinger and
others (1985) documented resedimentation via slumps, debris flow, and turbidites in chalks from the
North Sea, possibly related to depositional topography at the Central Graben. Buchbinder and others
(1988) documented glides, slumps, and debris flows in Eocene Chalks of Israel that formed in response to
sedimentologically steepened slopes. Chalk-filled channels in Austin Chalk near Langtry, West Texas,
are interpreted as distributary channels in an outer-shelf midfan setting (Lock, 1984).

In contrast, channels may reflect current energy. Basal scours defining cycles in the Cretaceous
chalks of England are interpreted as the result of sea-level-driven fluctuation in tidal energy (ROCC
Group, 1986; Robinson, 1986). Several horizons of 82-ft-deep (25-m), 492-ft-wide (150-m) chalk-filled
channels in Turonian-Santonian chalks are mapped on sea-cliff exposures in Haute Normandie, France
(Quine and Bosence, 1991). These channels are interpreted as the result of scours in structurally
controlled straits of the Anglo-Paris Basin developed during sea-level lowstands.

Regional study of the widespread lower Austin Chalk and reexamination of its relationships

with the Eagle Ford and with overlying units may help clarify the depositional environment of unit A
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in Ellis County. Chalk-marl cycles in unit A might result from deposition of chalk sediments supplied
down channels alternating with interchannel marls. However, individual beds within unit A can be
correlated 11 mi (18 km) along the west side of the SSC ring, suggesting that a dominant extrinsic
forcing mechanism formed most chalk-marl alternations, which were then crosscut by small channels.
Deposition of Austin Chalk units B, C, and D is interpreted as occurring in the deepest water
environment. Evidence for deep water is (1) minimum amounts and grain size of terrigenous detrital
material, suggesting the most distal shoreline and (2) high organic content (0.007 percent) and
disseminated pyrite content (nearly 1 percent), indicating disaerobic bottom conditions. Disaerobic
conditions indicate separation of bottom waters from the surface and can develop in any water depth
because of formation of several different water masses with different densities caused by temperature,
salinity, or sediment load (Tucholke and Mountain, 1979; ROCC Group, 1986). Organic-rich chalks of
the Niobrara Formation of the Western Interior Basin are interpreted as a product of anoxic conditions
that developed midtransgression and midregression beneath a stratified water mass (Rodriguez and
Pratt, 1985). In chalk sediments of Europe, anoxic sediments formed during highstands when deep ocean
waters spilled up onto the shelves. The organic marls in units B and D may be partly analogous to these
ocean anoxic events. An ocean anoxic event in the upper Coniacian of Yugoslavia (Jenkyns, 1991) or at
the Coniacian-Santonian boundary (Hart and Ball, 1986) might correspond to units B or D. The base of
the organic marls coincides with the B-12 bentonite where it was examined on the western side of the
SSC ring; 9.3 mi (15 km) to the north in outcrop, organic marls occur several cycles below the bentonite.
This relationship fits with the interpretation that the organic marls are depth related. In the deeper
parts of the facies tract, toward the Dallas Basin, disaerobic conditions were established earlier.
Unit C, which is characterized by low gamma-ray response of the marls, records an interval of
cessation of stratified conditions. Unit D is gradational into the overlying middle Austin Chalk, as
indicated by gradual decrease in gamma-ray response in the marls related to decreasing organic content.
The middle and upper Austin Chalk are characterized by an upward increase in the frequency of
occurence of winnowed packstone beds and firmgrounds, Many winnowingepisodes arerecorded only by

remnant packstone-filled burrows. The more diverse faunal assemblage in the middle and upper Austin
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Chalk, including Gryphaea, oysters, and small pelecypods, probably developed in response to more
frequent, firmer bottom conditions. In some cycles (for example, in chalk I-6) firmgrounds are laterally
correlative between cored wells to otherl firmgrounds, oyster beds, or intervals of packstone-filled
burrows. In other cycles, for example marl E-6, a firmground recognized in the BE 3 core is equivalent to
ordinary chalk with no evidence of winnowing 2.2 mi (3.5 km) away in the F 3 core, indicating that
firmgrounds were of local extent. Limited lateral extent is also observed in outcropping packstone beds
in the Lake Waxahachie spillway, which are equivalent to a number of thin-winnowed beds in
unit K in the F 4 core 9.3 mi (15 km) away. Lateral heterogeneity in the upper Austin Chalk is also
evidenced in the variable thickness trends of unit L, which is thickened along an east-west trend near
the middle of the SSC ring. Upward-increasing winnowing and firmground formation and increased-
amounts of clay in chalk-marl cycles (fig. 29) in the middle and upper Austin Chalk are consistent with
decreased water depth and basinward migration of the shoreline in response to falling sea level.

Detrital siliciclastic accumulation of the Ozan Formation resumed at the end of Austin Chalk
deposition. In Ellis County, the top of the Austin Chalk is a bored hardground, indicating prolonged
subaqueous nondeposition and sediment bypassing. Recent microfaunal dating of the chalk-marl contact
(Marks and Stam, 1983) suggests that the age of this contact varies along the outcrop trend and that the
amount of missing time at the contact is minor and unresolvable using faunal data.

In summary, subtle vertical facies changes in the Austin Chalk in Ellis County reflect (1) flooding
(phosphate/glauconite/quartz-sand-rich condensed section and transition into chalk of unit T);
(2) maximum relief (locally channeled, macrofauna-poor, strongly cyclic unit A); (3) deepest water
(high-organic/low-detrital marls of units B and D); (4) shallowing (increased siliciclastic detrital as
well as volcanic material and development of firmgrounds and oyster communities of units E through I
of the middle Austin Chalk); (5) continued shoaling (local winnowed carbonate accumulations of units J,
K, and L); (6) minor, possibly facies-controlled sediment bypassing (hardground formation); and

(7) resumption of detrital siliciclastic accumulation (Ozan Formation).
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Conclusions

The Austin Chalk was deposited in a deep-water shelf environment in which sediment supply
was dominated by pelagic carbonate geﬁerated in situ. The dominant nannoplankton ooze limited
bottom-dwelling populations to infaunal burrowers and specially adapted inoceramids. The stable
depositional environment accounts for the lithologic homogeneity of the Austin Chalk. Subtle
variability in the Austin Chalk is related to three kinds of environmental shifts: (1) chalk-marl
alternation on a meter scale, (2) evolution of the depositional environment influencing sediment
distribution patterns, and (3) changes in the amount and sources of allochthonous siliciclastic material
(detrital and volcanogenic). These environmental changes have a variety of subtle effects on the
mechanical properties of the Austin Chalk.

Abundant authigenic clay is interpreted as a product of alteration of volcanic ash codeposited
with the chalk. The stratigraphic distribution of authigenic clay corresponds to disseminated minor
amounts of biotite, quartz, and feldspar phenocrysts in most samples of the middle Austin Chalk. The
ash contribution may influence the mechanical properties of the middle Austin Chalk.

Chalk-marl alternations are interpreted as production/dilution cycles. Concentration of
macrofauna in marls suggests but does not prove that marls were formed at times of slower
sedimentation (low productivity and/or low preservation of nannoplankton). Chalk-marl cycles vary
slightly in thickness, the thickest cycles being in units A, K, and L. These thickness variations, or the
ratio of chalk to marl bed thickness, potentially may influence fracture spacing.

Chalk sedimentation evolved during the highstand. The condensed section produced during
flooding grades upward into unit A, which is interpreted as a locally channeled deposit. Channels may
reflect conditions of higher topographic relief during transgression. Maximum flooding established
deepest water conditions during deposition of units B, C, and D in the upper part of the lower Austin
Chalk. The overlying middle and upper Austin Chalk contain increasing evidence of shallowing
including firmgrounds, oyster communities, and local winnowed carbonate accumulations and increased

detrital input. The increased abundance of calcite cementin the upper Austin Chalk is. the product of
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stabilization of increased amounts of aragonitic skeletal material formed as a result of higher faunal

diversity in firmground environments and is a possible variable decreasing matrix permeability.

FRACTURE SYSTEMS OF AUSTIN CHALK

Fractures play a significant role in moving ground water through the Austin Chalk and Ozan
Formation because their unfractured bedrocks typically have low hydraulic conductivities. Predicting
rates of ground-water flow and transport through fractures in low-permeability rock is a complex
problem, requiring information on the characteristics of fractures and their three-dimensional
networks. Important fracture characteristics include fracture geometry (strike, dip, length, height),
connectivity (degree of contact among fractures), aperture, mineralization, and spacing. It is also
important to determine the variation in fracture density and connectivity for different stratigraphic
intervals as well as for structural features such as monoclines and faults.

This study focused on mapping and describing fractures in the Austin Chalk in the Ellis County
area. Fractured marl of the Ozan Formation was not studied in the same detail as the Austin Chalk
because Ozan outcrops are very sparse and weathered. The Ozan Formation is less brittle than the

Austin Chalk and usually less fractured.

Description of Chalk Fractures

Fractures in outcrop and core from Ellis County include normal faults, veins, and joints (Collins and
others, 1992). Normal fault planes are striated, polished, and locally calcite coated. Faults with less
than 5 ft (1.5 m) of throw are the most common natural fracture type in core.

Veins are associated with faults. Some veins are gaps that developed along fault surfaces during
fault movement. Others occur as parts of fracture swarms and as isolated features. They are generally
only partly filled with calcite and thus have finite permeability. Veins typically have widths of as
much as 2 inches (5 cm) and open apertures locally as wide as 0.8 inches (2 cm). Rare veins are as much

as 8 inches (20 cm) wide. Crack-seal microstructures in vein-filling calcite indicate that veins
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experienced numerous crack-opening episodes. Some wide cavities are not connected by open pathways
to other fractures because of infilling calcite, suggesting that convoluted and dead-end flow paths exist.

Joints are systematic and nonsystematic extension fractures that show no evidence of lateral
movement parallel to fracture planes and that have small (<0.0098 inch [0.25 mm]) aperture. Many
joints are the result of regional deformation. Others result from surficial processes such as unloading and
weathering. Fractures lacking mineralization and having no evidence of slip are common in outcrop but
rare in core. Quarries tend to be more fractured than natural outcrops as a result of mining operations.
Fractures are also abundant in the near-surface weathering zone. In Ellis County, the weathered zone in
Austin Chalk averages 12 ft (3.7 m) thick and locally is as thick as 45 ft (13.7 m). Systematic joints in
weathered chalk are typically stained with limonite or hematite, and many are surrounded by halos
of stained rock. Many fractures in the weathered zone are nonsystematic and do not exist below the base
of the weathered zone.

Attributes of small faults, veins, and joints are described below in association with regional

fracture sets or faults (fig. 2). Attributes that vary with structural position include size, width and

aperture, attitude, orientation, spacing, and connectivity.

Fracture Stratigraphy

Compositional variations within the Austin Chalk influence fracture frequency (Corbett, 1982;
Corbett and others, 1987) because chalk beds tend to have more fractures than marls. Moreover, chalk
becomes less brittle as clay content increases. Outcrop data on fracture spacing and chalk strength were
used by Corbett and others (1987) to infer that the upper and lower thirds of the Austin Chalk are more
susceptible to fracture than the middle third. Our observations confirm this pattern but also show that
important variations in brittleness exist within the three Austin Chalk intervals. We used the number
of fractures per length of core for each stratigraphic unit (units T and A to L described above) to
estimate fracture frequency (fig. 35). In 99 vertical and slant cores distributed over a 300 mi? (770 km?)

area, contrasts in fracture frequency are minor. Nevertheless, for wells and core intervals distant from
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faults, some units in the upper and lower Austin Chalk have more fractures than units in the middle
part of the chalk (fig. 35). Greatest fracture intensity is found in lower unit A and upper units J, K, and
L. The least fractured units are E through I in the middle zone, and units T, B, C, and D of the lower
interval.

Chalk microfabrics show an interesting relationship to fracture intensity. The middle Austin
Chalk has half the fracture intensity of the upper Austin Chalk and lower Austin Chalk unit A. The
more ductile response to regional fracturing of the middle Austin Chalk has been related to smectite
content (Corbett and others, 1987). However, in Ellis County, chalk beds in the middle Austin Chalk
have a higher average clay content than does chalk in unit A, but a lower average chalk content than
chalk beds in the upper Austin Chalk (fig. 28). Therefore, clay content is not a controlling mechanism on
fracture intensity in SSC wells. It is possible, however, that distribution of authigenic clay might
account for the reduced fracture intensity in the middle Austin Chalk. Authigenic clay coats on
nannoplankton might allow slip on a microscopic scale, increasing ductility of the rock. This
hypothesis could be tested by petrologic analysis of samples subjected to mechanical strain testing.

The match between microfabrics and fracture intensity is imperfect in that units B and D have
excellent preservation of uncoated nannoplankton but fall in the low fracture intensity group. Possibly
some other factor, such as high organic content in marls or weathering of the abundant disseminated
pyrite, also affects the mechanical properties of the chalk in these units. This interpretation is
supported by the weak response of these organic-rich units to outcrop weathering.

The higher disseminated ash contribution may be the sole or contributing cause of the regionally
traceable low SP in the middle Austin Chalk. If this is true, similar increased authigenic clay might

account for the more ductile behavior of this unit in other areas.

Regional Joints and Small Faults

In areas distant from large faults, widely spaced, isolated vertical joints and veins and small

faults make up regional fracture patterns(Collins and others, 1992) Along the Balcones Fault Zone and
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along its projection in Ellis County, joints mostly strike in one of three directions: northeastward (N30°-
60°E), eastward (N70°-100°E), and northward (N10°W-N20°E) (Collins, 1987; Reaser and Collins, 1988;
Barquest, 1989; Muehlberger, 1990). Most faults and veins have similar strikes. Northwest-striking
fractures have been reported from some parts of the fault zone (Mainster and Coppinger, 1987) but are
uncommon in fresh rock in Ellis County; they are prevalent in some quarry exposures and in weathered
outcrops. Vertical joints are rare in vertical cores, slant cores, and tunnels, suggesting that they also are
uncommon in the subsurface. In core, small faults usually are the only fractures encountered (fig. 36).

In long outcrop traverses (550 to 1,650 ft [170 to 500 m]), spacing between fracture swarms or single
faults ranges from 20 ft (6 m) to more than 300 ft (91 m) (fig. 37). In outcrops where fractures are more
uniformly and closely spaced than this, surficial processes are commonly responsible.

For systematic regional joints and veins, heights (vertical trace lengths) are usually less than 10 ft
(3 m). Joints and veins terminate vertically at chalk-bed margins, or less commonly, within chalk beds.
Some joints cut several beds, whereas others cut only individual beds. The limited vertical extent of
chalk joints should inhibit vertical fluid communication.

Trace length of joints in plan view is highly variable and, owing to limited outcrop size, ‘is rarely
possible to measure fully. The longest trace we measured was 33 ft (10 m), but most are in the range of 6
to 20 ft (2 to 6 m). Joints are commonly composed of segments arranged in relay and en echelon. Where
segments overlap, fracture tips curve slightly and may intersect. Short traces and joint segmentation
suggest that joint networks are poorly interconnected along strike.

In areas distant from large faults, fracture swarms are sparse but persistent. Swarms comprise a
few to tens of closely spaced joints or veins. Swarms are as much as 10 ft (3 m) wide. One narrow 3-ft-
wide (1-m) swarm near Rockett is composed of seven fractures with irregular spacing. Fractures in this
swarm are partly open veins, with widths from 0.1 inch (0.25 cm) to 1.5 inches (3.8 cm). Portions of four
veins have apertures greater than 0.2 inch (0.5 cm). Morphology of fracture-lining crystals shows that
measured apertures are representative of the subsurface. Such exposures demonstrate that fracture
swarms distant from folds and faults locally have attributes consistent with a capacity to transmit

fluid.
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Figure 36. Scan lines showing fractures in slant core drilled at 45° to 55° in Austin Chalk, Ellis County,
Texas. Fracture locations were projected from slant core hole to horizontal scan line. Scan lines a, b, and
f were each constructed from two nearby slant holes. Scan lines a, b, ¢, d, and e cross large faults. Scan
line f does not cross any large faults. From Collins and others (1992).
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Figure 37. Scan lines showing fractures encountered along outcrop traverses. Line a is within unit L and is
adjacent to a fault having about 60 ft (18 m) of throw. Lines b and c are in units A and B, respectively,
and do not cross large faults or folds. Line d is in unit L and is in an overlap area between two en echelon
faults. From Collins and others (1992).
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Fault swarms and isolated small faults with throws between 3 ft (1 m) and less than 1 inch
(2.5 cm) are more abundant than joint swarms. Lengths of some small faults exceed 1,500 ft (457 m). Fault
swarms are composed of closely spaced faults that have attitudes and mineral fill similar to those of
large faults. Swarms of small faults may be as wide as 10 ft (3 m). Widths of fault and joint swarms are
similar. Locally, swarms are associated with nearly imperceptible (<0.5°) changes in bed dip. Such

fault swarms locally grade into fold-related fractures.

Fault Zones

Normal faults are known to be loci of intense fracturing in the Austin Chalk (Collins and others,
1992). At a macroscopic scale, faults in Austin Chalk are considered to be planar and to have steep dips.
In detail, however, fault surfaces are slightly curved and have downward-shallowing and downward-
steepening segments. Faults in plan view have sinuous traces with variable wavelengths.

Normal faults are present throughout our study area in Ellis County (Reaser, 1961, 1991; Reaser
and Collins, 1988; Werner, 1989). The largest faults have throws of 20 to 100 ft (6 to 30 m). They
generally strike northeastward to east-northeastward and are downthrown toward the southeast and
northwest. Fault dips range from 60° to 90°; dips of 40° to 80° are common among small faults. Distances
between large faults range from 8,000 to 21,000 ft (2,440 to 6,400 m) (fig. 2). In these large faults, trace
lengths are as much as 5 mi (8 km). Faults arranged en echelon result in longer trace lengths. Large and
small faults are commonly associated with antithetic faults that locally have throws of comparable
magﬁitude to main faults, defining graben. Graben are commonly less than 1,200 ft (366 m) wide. Corbett
(1982) reported that highly fractured blocks are bounded by northwest-striking faults within
northeast-striking graben near Waco, in McLennan County, Texas. They are ascribed to extension
parallel to long axes of fault blocks, accommodating differing amounts of extension along traces of

scissor-type faults.
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Fracture Zonation Adjacent to Faults

Large normal faults are commonly surrounded by zones or halos of closely spaced faults, joints, and
veins that strike about parallel to adjacent faults (Collins and others, 1992). Small faults, rather than
joints, are most prevalent near master faults. In some areas, numerous veins occur in this zone. Where
master faults juxtapose chalk against chalk, zones of minor faults appear to be equally well developed
in both hanging wall and footwall blocks. We could not determine if these zones have constant width
laterally and vertically along the fault plane.

Directly adjacent to fault surfaces are zones as much as 6 ft (1.8 m) wide of intensely faulted chalk
(fig. 38, zone I). Subsidiary faults here have negligible slip; striations indicate dip-slip to slight
oblique slip, consistent with movement on master faults. Minor faults are curved such that in plan ﬁew
they have braided patterns; curvature has wavelengths of 1.6 to 3 ft (0.5 to 1 m); strikes vary as much
as 60°. Locally, anastomosing fault arrays grade into breccia. Fractures are well connected both
laterally and vertically owing to numerous intersecting and crosscutting fractures (fig. 38, zone I).
Fracture spacing and network connectivity decrease away from master faults.

Adjacent to zones of curved minor faults are zones composed mostly of small faults and subsidiary
veins and joints (fig. 38, zone II). These areas may be as wide as 20 to 90 ft (6 to 27 m). Slip on minor
faults ranges from negligible to several inches. Fault spacing is between 0.5 and 13 ft (0.2 to 4 m). Fault
trace lengths are between 3 and 30 ft (1 to 9 m).

There are few faults that strike at a high angle to master faults. Minor faults are less curved and
less abundant than in zones closer to master faults. Therefore, cross-strike fracture connectivity is
moderate to low. Cross-strike connections mainly result from intersections among antithetic and
synthetic faults. Small faults generally end vertically within chalk beds rather than within marl beds
or at contacts between chalk and marl; in one example, 80 percent of the faults terminate within chalk
beds (fig. 38, zone II).

Domains of joints associated with faults and having spacing closer than typical regional patterns

locally extend as much as 200 ft (60 m) away from master faults. Inner parts of these joint zones overlap
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Figure 38. Cross section of fracture zonation in unit L on footwall block of large fault. Histograms
indicate percentage of fracture terminations that are dead end (D) and connected (C) in horizontal and
vertical directions. Characteristics of some fracture terminations are undetermined (U) because of
limitations in size of streambed outcrop. Kau = Austin Chalk, Kt = Taylor Marl, Q,] = alluvium. Roman
numerals designate zones discussed in text. From Collins and others (1992).



areas having numerous small faults(fig. 38, zones III and IV).Joints and veins are also concentrated near
lateral (plan view) ends of minor faults. Joints extending beyond fault-tip lines (edge of slip surface or
zero-fault-displacement contour on fault surface) may have been created in advance of growing fault
tips.

Joint lengths are as much as 42 ft (13 m), but most are less than 20 ft (6 m). In beds 3 ft (1 m) thick,
joints have average spacing of about 4.5 ft (1.4 m) (fig. 38, zones III and IV). Joints and veins are also
concentrated near lateral (plan view) ends of minor faults. Joints extending beyond fault-tip lines (edge
of slip surface or zero-fault-displacement contour on fault surface) may have been created in advance of
growing fault tips.

Joint lengths are as much as 42 ft (13 m), but most are less than 20 ft (6 m). In beds 3 ft (1 m) thick,
joints have average spacing of about 4.5 ft (1.4 m) (fig. 38, zones III and IV). This spacing is closer than
that of regional joints distant from major faults. Strike-parallel connection between joint segments and
average joint length increases toward master faults. As with regional joints, these fractures are poorly
interconnected vertically. Of 135 vertical terminations of joints in the footwall block of a fault cutting
unit L, 45 percent die out within chalk beds; 30 percent terminate within marl beds; the rest terminate
at contacts between chalk and marl. Locally, joints terminate against faults, a relation that may

indicate that joints grew in part after faults had formed.

Fractures Associated with Irregular Fault Surfaces

Fault surfaces commonly dip more steeply in chalk beds or chalk-rich intervals than in marl beds,
resulting in localized areas of listric downward-flattening and downward-steepening fault profiles
along faults that have steep dips overall. Outcrop- and quarry-wall-scale examples show that some
downward-flattening fault segments have dips that decrease from 60° to 15° or less. Some small faults
sole out as horizontal slip surfaces in marl beds. Corbett and others (1991a, b) reported that above
dowpward-ﬂattening faults, fractures are 1.5 times more abundant in hanging wall rocks than in

footwall rocks. Fractures directly adjacent to downward-flattening segments of curved faults are
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predominantly faults having negligible aperture. There are few associated veins. Joints in open folds
adjacent to faults strike parallel to fold hinges and are similar in appearance to those in monoclines. In
such folds, fractures locally have as much as several inches of aperture. Fracture spacing may be as
close as 1 ft (0.3 m) in fold hinges.

Downward-steepening faults and fault segments (Laubach and others, 1990, 1991) are widespread
components of minor fault arrays in the Balcones Fault Zone. Within chalk, they locally vary in dip by
as much as 10°. Locally, faults have abrupt ramps where fault segments having gentle dips in marl or
shale intersect chalk beds. Fault surfaces dip as much as 45° more steeply in chalk than in marl. Faults
with downward-steepening profiles also exist entirely within chalk or chalk-marl cycles that are
predominantly chalk.

In brittle rocks, one manifestation of downward-steepening faults is a fault-bend graben or fracture
zone above areas of maximum fault-surface curvature in hanging wall rocks (fig. 39). These upward-
widening, wedge-shaped zones of fractures are composed of steeply dipping faults and veins. Faults
commonly are associated with veins, and locally the faults themselves are dilated. Such zones are
locally bounded by antithetic normal faults, defining graben. Graben common in the Balcones Fault Zone
may be expressions of such zones.

In plan view, faults are locally curved by as much as 60°. In some outcrops, fracture intensity is not
increased in footwall blocks adjacent to bends in map view. In hanging wall blocks, bends in fault traces
that are convex toward downthrown blocks have more abundant fractures than other areas along strike,
but these variations might be unrelated to fault-trace curvature. Fault-trace bends might be areas of
enhanced fracture development on reservoir scales, but we found no convincing outcrop-scale examples.

Lack of appropriate exposures prevented us from testing this idea in relation to large faults.

Fractures in Folds

Gentle to open folds occur adjacent to faults, as strike extensions of large faults, and as separate

structures unrelated to exposed faults. Folds generally trend northeastward , about parallel to the fault
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Figure 39. Diagram of angular relations and terminology of a downward-steepening fault in Cretaceous
Georgetown and Edwards limestone, Austin region, Central Texas (from Collins and Laubach, 1990).
Note wedge-shaped fracture zone.
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Figure 40. Fracture styles, geometries, and densities associated with a gentle flexure of Austin Chalk.
Label “fs” denotes fracture spacing; “a