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SUMMARY

This report summarizes results of the East Texas Waste Isolation (ETWI) program from
January 1, 1978, to March 30, 1983. Having an extensive data base, the study comprised 33
different lines of research by 67 scientists and research assistants. The program included both
basinwide and site-specific (mainly around Oakwood Dome) studies that used surface and
subsurface data.

Mesozoic opening of the Gulf of Mexico accompanied thermal processes that controlled
sedimentation during filling of the East Texas Basin. The basin contains as much as 7,000 m
(23,000 ft) of shallow-marine and continental sediments overlying the Louann Salt. Deforma-
tion in the basin resulted from subsidence of its floor and gravitational flow of salt and from
salt loss in the subsurface and at the surface. Regional studies have defined the present-day
distribution of salt structures and the growth history of domes. The East Texas Basin is divided
into four provinces on the basis of the shape of salt structures. Five forces that make salt flow
operated from near surface to the deepest parts of the basin to form these structures. Salt
flow began in pre-Gilmer (Late Jurassic) time with the growth of salt pillows. Three groups of
diapirs can be differentiated on the basis of age and distribution. The growing salt structures
affected topography, thereby influencing depositional facies and resulting in deposition of low-
permeability facies around the salt stocks.

Rates of dome growth declined exponentially with time to rates of less than 0.6 m/10% yr.
Geomorphic evidence does not preclude Quaternary uplift over Oakwood Dome, but its southern
flank may have subsided. All regional fault systems in the basin appear to be related to slow
gravitational creep of salt downward toward the basin center or upward into salt pillows and
diapirs. Nevertheless, at least eight probable earthquakes were recorded near the southern
margin of the basin in 1981 and 1982, and their probable focus, the Mount Enterprise fault, is
poorly understood.

The following conclusions were drawn from geologic study of a core drilled from Oakwood
Dome: Salt core from the dome is more than 98 percent pure halite (anhydrite is the only other
mineral present). The rock salt displays evidence of two distinct periods of recrystallization.
Geometric analysis and strain analysis suggest that the crest of the dome was truncated,
probably by ground-water dissolution, during the formation of anhydrite cap rock. Diapiric rise
of salt formed a tight contact between salt and cap rock. The cap rock formed in a deep saline

environment and appears to be a low-permeability barrier to dome dissolution.

Keywords: cap rock, diapirs, East Texas Basin, faults, hydrochemistry, hydrogeology, hydraulic
modeling, lineaments, nuclear waste repositories, petroleum, salt domes, salt tectonics,
seismicity, stable isotopes, strain analysis




Two major aquifer systems lie above and below the hypothetical repository level in the
dome: the Wilcox-Carrizo fresh-brackish aquifer system above and the Woodbine saline aquifer
below. Only the five shallowest domes have saline springs and are thus poor sites for potential
repositories. The geochemistry of false cap rock over two of these domes suggests that this
alteration may be due to upward discharge of deep-basin brines.

Of the domes that penetrate the Wilcox-Carrizo aquifer system, only Oakwood Dome has
a slightly brackish plume, possibly caused by salt dissolution. None of the salt domes shows
evidence of extensive exposure to circulating ground water. The salt domes are isolated at
least partly by low-permeability cap rock and mud-rich facies.

Regional circulation in the Wilcox-Carrizo aquifer system correlates closely with topogra-
phy and geologic structure. A potential for downward flow prevails except beneath the Trinity
and Sabine River drainage systems. Potential for downward flow between the Wilcox-Carrizo
and the Woodbine aquifers is due to marked basinwide pressure declines in the Woodbine caused
by oil and gas production.

As Wilcox-Carrizo ground water moves from recharge to artesian sections, it evolves
from an acidic, oxidizing, Ca-Mg-HCO3-504 water to a basic, reduced, Na-HCO3 water.
Dating of the ground water by 14C methods indicates ages of 103 yr in recharge areas to 1.5 x
104 yr in the artesian section.

Three-dimensional modeling of ground-water flow in the Wilcox-Carrizo aquifer near
Oakwood Dome shows that the stratified sand-mud fabric causes poor vertical connection of
sand bodies and very low (~10-3 to 10-%#) ratios of vertical to horizontal hydraulic conductivity.
Rates of vertical ground-water flow are only 11 m/10% yr. Ground-water travel times from
Oakwood Dome to potential discharge areas are approximately 10% yr in well-connected
channel-fill sand bodies and 107 to 106 yr in poorly connected interchannel facies. These
interchannel facies constitute large potential aquitards. Realistic modeling of flow rates in the
Wilcox or in similar aquifers requires incorporation of data on sand-body geometry and inter-
connection.

The Woodbine aquifer is the shallower of the two deep saline aquifer systems surrounding
salt domes immediately below the hypothetical repository level. Mixing of deep saline waters

with the overlying fresh-water system is limited.



EVALUATION

According to proposed guidelines from the Nuclear Waste Policy Act of 1982, Oakwood salt
dome has 23 favorable characteristics, 15 potentially adverse characteristics, and 3 disqualify-
ing characteristics. We find no characteristic that is generic to salt domes that precludes their
use as a repository for nuclear waste.

The East Texas Waste Isolation project is one of three subprograms studying interior salt
basins in the Gulf Coast area. These subprograms constitute part of the National Waste
Terminal Storage program, which is designed to assess the suitability of dome salt, bedded salt,
basalt, tuff, and crystalline rock as host media for deep underground containment of high-level
nuclear waste. As with other projects, the goal of the East Texas project was a progressive
screening in which the best site (in this case, a salt stock in the core of a salt dome) was
selected by eliminating less favorable sites.

All 15 shallow salt domes in the East Texas Basin were examined, and 3 were chosen:
Keechi, Oakwood, and Palestine. By 1980, Palestine Dome had been eliminated because of
ongoing subsidence of strata above the dome induced by earlier brining operations. By 1981,
further screening had eliminated Keechi Dome because it was too small and too shallow (Office
of Nuclear Waste Isolation, 1981). Therefore, from this point, research in the ETWI program
was directed to (1) a better understanding of Oakwood Dome and vicinity and (2) supplying
information generic to all salt domes, which could be applied to the other three candidate
domes in the North Louisiana and Mississippi interior salt basins.

In accordance with the requirements of the Nuclear Waste Policy Act of 1982, the
Department of Energy has circulated "Proposed General Guidelines for Recommendation of
Sites for Nuclear Waste Repositories," which appear in the Federal Register, Part II, of
February 7, 1983. On the basis of these guidelines, which are still being discussed by the
Department of Energy and interested parties, the Oakwood Dome area is evaluated in table 1.
Regarding its suitability as a repository for high-level nuclear waste, Oakwood Dome has 23
favorable characteristics, 15 potentially adverse characteristics, and 3 disqualifying character-
istics. These three disqualifying characteristics are related to petroleum exploration and are
specific to Oakwood Dome. According to our survey of the East Texas Basin, we find no

characteristic generic to salt domes that precludes their use as a repository for nuclear waste.




Table 1. Evaluation of Oakwood Dome as a potential repository in terms of proposed guidelines
set by Nuclear Waste Policy Act of 1982.

Potentially
Favorable adverse Disqualifying

SITE GEOMETRY (Oakwood Dome)

Potential repository depth >300 m *
Erosional denudation in 104 yr = 1 to 2 m *
Thickness and lateral extent *

HYDROGEOLOGY (Oakwood Dome and Regional)

Predominantly downward vertical hydraulic *
gradient basinwide
Local recharge over Oakwood Dome to shallow *
(Carrizo) aquifer
No evidence of interaction between saline *
and fresh aquifers around Oakwood Dome
Upward discharge of deep-basin fluids *
at Butler Dome
Saline plume at Oakwood Dome *
Travel time of ground water to discharge areas:
Modeling: connected Wilcox sands = 103 to 104 yr *
disconnected Wilcox sands = 10° to 106 yr *
Carbon-14 dating: Wilcox = 1.6 x 10% yr *
Oakwood Dome area modeled with reasonable *
accuracy
Low-permeability Wilcox facies around dome *
Low-permeability cap rock above and partly *
flanking dome
Tight seal in core between rock salt and cap rock *
Vertical extension fractures in anhydrite cap rock *
Possible subsidence over southern part of Oakwood *
salt stock
Inferred escape of brines from former dissolution *
cavity below cap rock (inferred to be >3 Ma
[millions of years] ago)
Structural evidence of truncation of dome crest *
(mainly during the Cretaceous)
62 boreholes through salt overhang probably connect *
shallow fresh-water aquifer and deep saline
aquifer, possibly allowing rapid salt dissolution
by fresh water

ROCK CHARACTERISTICS (Oakwood Dome)

Evidence of self sealing in anhydrite cap rock *
during strain
Rock-salt mineral assemblage unchanged during *

thermal loading




Table | (cont.)

Potentially
Favorable adverse Disqualifying

Recrystallization of uppermost 2 m (6 ft) of rock salt *
probably caused by entry of water from cap-rock
base (inferred to be >3 Ma ago)
In-place concentration of intracrystalline fluid ks
in foliated (R-1) rock salt at level of hypothetical
repository is unknown because of artificial introduc-
tion of water into core
Preferred migration paths of intercrystalline fluids *
are partly predictable from strain analysis and
geometric analysis of rock salt
Structure of rock salt where intersected by *
borehole reasonably well understood

TECTONIC ENVIRONMENT (Mainly Regional)

Fastest uplift rates over domes is <0.6 m/10% yr, estimated *
by extrapolation of growth rates from 112 to 48 Ma ago

Geomorphic evidence does not preclude current differential *
uplift over most of Oakwood Dome

Geomorphic evidence suggests subsidence of the southern part *
of Oakwood Dome

No evidence of rapid regional uplift or subsidence &

Most regional fault systems are reasonably well understood *
and apparently aseismic

No regional faults within 10 km (6 mi) of dome *

Small Quaternary faults at surface 18 km (10.8 mi) *
from Oakwood Dome

Vertical extent of small post-Queen City surface faults *
over Oakwood Dome is unknown

Historical earthquakes, if repeated, would not significantly *
affect Oakwood site

Seismicity probably due to movement on Mount Enterprise *
fault, but seismic risk cannot be reliably assessed
because reason for faulting is not yet understood

No Quaternary igneous activity *

HUMAN INTRUSION (Oakwood Dome)

Petroleum reserves below overhang and 4 km (2.4 mi) to SE *
Intensive exploratory and production drilling through *
salt overhang, partly to level of hypothetical repository;
sites of three holes have not been located

SURFACE CHARACTERISTICS (Oakwood Dome)

Gently rolling terrain %
Dikes possibly required for flood protection *






INTRODUCTION TO THE EAST TEXAS BASIN

The East Texas Waste Isolation Program

The East Texas Waste Isolation program began on January 1, 1978, and ended on March 30,
1983. The program goals were to assist in the selection of a suitable salt dome in the East
Texas Basin through geologic and hydrogeologic characterization of the domes and surrounding
strata and to provide generic information applicable to other salt-dome basins.

This report summarizes results of the East Texas Waste Isolation program from January 1,
1978, to March 30, 1983. As part of the Area Characterization Phase of evaluating U.S. Gulf
Coast salt-dome basins, the East Texas program was designed to characterize the geology and
geohydrology of salt domes and surrounding strata in the East Texas Basin and to provide
generic information applicable to other salt-dome basins. The data base for this program is
extensive because the basin is a mature petroleum province that contains major fresh-water
aquifers (table 2). Table 3 lists the 33 principal lines of geologic research, the scale of
examination, and the pertinent sections of this report covering these aspects. Most of these
lines of research are applicable to other salt-dome basins as well. The most important generic
studies are listed in column 1 of table 3. References cited at the end of each unit provide
sources of data and derivation of conclusions summarized in this report. This approach is a
compromise between the need for adequate documentation and the need to avoid producing a
text encumbered with multiple citations in each sentence. Full citations of all these papers are

provided in the references at the end of this report.

Kreitler (1979); Kreitler and others (1980); Kreitler and others (1981a); Kreitler and others
(1982a)




Table 2. Data base for the East Texas Waste Isolation program.

Surface

Geologic Atlas of Texas map sheets, scale 1:250,000

Geologic maps from unpublished theses

Topographic maps, scales 1:62,500 and 1:24,000

Texas general highway maps, scales 1:63,360 and 1:253,440

Aerial photographs, scales 1:12,000 to 1:25,500

Landsat imagery, scale 1:250,000, band-5

Re-leveling profile of 28 stations across Mount Enterprise fault zone

Microseismic monitoring data from one to three seismograph stations near Mount Enterprise
fault zone

Subsurface

Geophysical logs from ~ 4,600 wells
Water-level data from >2,000 water wells
Water-chemistry data from ~ 1,500 water wells

29 shallow borings to depths of 7 to 120 m (20 to 400 ft) over Oakwood Dome, 9 of which were
monitored for water levels

Hydrologic test data from five production wells, one of which was cored

TOG-1 412-m (1,352-ft) core through Oakwood Dome salt, cap rock, and overburden; TOH-2A0
563-m (1,847-ft) core through Wilcox Group near Oakwood Dome

13 cores borrowed from Bureau of Economic Geology Well Sample Library and from oil
companies

475 km (295 mi) of 6-fold C.D.P. seismic reflection line

Residual gravity map, scale 1:96,000




Table 3. Studies in the East Texas Waste Isolation program. Columns 1 through 5 refer to the scales of examination in

each study. Letters in each column refer to sections of this report that summarize the results of each study (see
corresponding footnotes).

0

OAKWOOD,
(3) KEECH], (5)
(1) (2 ALL 15 PALESTINE, LOCAL

GENERIC BASINWIDE DOMES BUTLER DOMES NON-DOME
SITE GEOMETRY
Measuring size and shape of salt domes to determine if criteria of minimum e
thickness and lateral extent are met. Measurement based on analysis of
structure-contour maps from gravity, seismic, and well data.
Measuring depth to salt and cap rock to determine if minimum-depth criterion e
is met. Measurement based on interpretation of well logs and seismic profiles.

SURFACE GEOLOGY

Calculating denudation rates by surveys of suspended-sediment loads and reservoir 1
sedimentation to assess risk of erosional breaching of dome.

Measuring stream and terrace profiles to determine the effects of possible 1 1
dome uplift or collapse.

Shallow drilling of Quaternary valley fill over Oakwood Dome to determine the 1
effects of possible dome uplift or collapse.

Analyzing slopes above domes to recognize possible dome uplift or collapse. 1

Analyzing link lengths of drainage networks to determine the existence e 1 1
of possible dome uplift or collapse.

Stratigraphic and structural mapping, including fault zones, over domes I,n
to determine the effects of possible dome uplift or collapse.

Lineament analysis of aerial photographs and Landsat imagery to study 1 1
regional and over-dome fracture patterns.

Re-leveling over Mount Enterprise fault zone to measure elevation changes o
from faulting in the past 30 yr.

Microseismic monitoring of the Mount Enterprise fault zone to determine magni- o
tudes and locations of earthquakes.
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Table 3. (cont.)

(1)
GENERIC

SUBSURFACE GEOLOGY
Interpreting geophysical logs to elucidate lithology, depositional systems,

structure, tectonic evolution, and geometry of sedimentary units in
the basin.

P

Constructing 49 stratigraphic and structural regional cross sections
to carry out basin analysis.

Constructing structural cross sections around 15 domes to determine geometry i
of near-dome stratigraphic units.

Interpreting seismic reflection data and time-to-depth conversion of events

to examine seismic stratigraphy, especially of units below depth of abundant
well control.

Interpreting residual gravity to define salt-related structures.
Analyzing regional fault systems to examine distribution, geometry,
displacement history, and origin, especially for seismic potential.

Examining subsurface data around 15 salt domes to infer times and i
patterns of salt movement over 64 Ma. j

Measuring thickness changes around 15 salt domes to quantify rates m

of dome growth over 64 Ma to predict future dome growth.

Oakwood salt-core studies of lithology, geochemistry, fluid inclusions,
structure, and strain to evaluate host-rock characteristics.

N< x &

(2)
BASINWIDE

HOUTo

0 T

DO+ NUT

O

(3
ALL 15
DOMES

0

P )

(]

(4)

OAKWOOD,
KEECHI, (5)
PALESTINE, LOCAL

BUTLER DOMES NON-DOME

N< X &
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Table 3. (cont.)

Studies of Oakwood cap-rock lithology, geochemistry, isotopic chemistry,

structure, and origin to evaluate the effects of geologic sealing
by cap rock.

General literature review of internal structure of salt glaciers and diapirs

to evaluate host-rock characteristics.

Literature review of mechanisms for initiating salt flow to understand
structural evolution of host rock.

Synthesizing petroleum potential of salt domes to evaluate
probability of future exploration for resources.

Documenting petroleum storage in salt domes to eliminate domes
with prior economic use.

Documenting hydrocarbon accumulation patterns.

GEOHYDROLOGY

Documenting surface saline waters to determine their relation to
shallow salt domes.

Monitoring ground-water levels to deduce ground-water flow paths.

Pumping tests of producing wells around Oakwood Dome to determine
hydrologic properties of fresh-water aquifers.

Analyzing water and existing water-chemistry data to determine

geochemical evolution of fresh and saline aquifers.

Isotopic analysis of ground water to determine age, residence time,
and source.

(1)
GENERIC

z
a'

<"

(2)
BASINWIDE

<~ 0

()]
OAKWOOD,

KEECHI, (5)
PALESTINE, LOCAL
BUTLER DOMES NON-DOME
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al
p P
q
q
bl
r r
v r
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Table 3. (cont.)

(1) (2)
GENERIC BASINWIDE
Constructing hydrodynamic models around Oakwood Dome to evaluate s
the effects of changing several hydrologic variables on flow patterns c'
around the dome. d'

Examining petrography, isotopes, and stratigraphic relations of Butler

Dome false cap rock to determine origin and age of alteration.

See Jackson (1983).
Tectonic Evolution (p. 13).

. Structural Framework (p. 15).

Stratigraphic Framework (p. 17).

Regional Hydrogeology (p. 21).

Inventory of East Texas Salt Domes (p. 23).

Present Distribution and Geometry of Salt Structures (p. 27).
Mechanisms Initiating Salt Flow (p. 31).

Initiation of Salt Flow (p. 33).

. Diapirism (p. 35).

. Effects of Dome Growth on Depositional Facies of Enclosing Strata (p. 39).
. Effects of Dome Growth on Structure of Enclosing Strata (p. #5).

. Effects of Dome Growth on Surface Processes (p. 47).

. Rates of Dome Growth (p. 51).

Fault Tectonics (p. 53).
Seismicity (p. 57).

. Petroleum Potential of Domes (p. 61).
. Ground-Water Hydraulics (p. 65).
. Ground-Water Chemistry (p. 69).

Subsurface Salinity near Salt Domes (p. 71).
Age of Ground Water (p. 75).

. Surface Saline Discharge (p. 79).
. Saline Aquifers (p. 83).
. Lithology of Salt (p. 87).

Structure of Salt (p. 91).
Strain in Salt (p. 95).

. Cap-Rock - Rock-Salt Interface (p. 97).

. Cap Rock (p. 101).

. Hydrogeologic Monitoring and Testing (p. 105).

. Ground-Water Modeling: Wilcox Multiple-Aquifer System {p. 109).
. Ground-Water Modeling: Flow Rates and Travel Times (p. 113).
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Tectonic Evolution

The character of Mesozoic sedimentary fill in the East Texas Basin reflects underlying
thermally induced tectonic processes characteristic of initial uplift, rifting, and thinning of
Paleozoic continental crust. The subsequent tectonic subsidence allowed restricted-marine
incursions accompanied by rift volcanism. Further subsidence resulted in the accumulation of
open shallow-marine deposits followed by progradation of the continental margin by delta-
dominated systems toward an oceanic-spreading center in the Gulf of Mexico.

The East Texas Basin originated during the Triassic as an aulacogenic rift basin north of
the principal rift zone that ultimately formed the Gulf of Mexico (fig. 1). During the pre-rift
stage, lithospheric expansion and uplift exposed the Paleozoic Ouachita fold belt to erosion.
After the onset of rifting, diverging zones of maximum uplift (upward arrows in fig. 1) migrated
outward from the rift axes as the lithosphere rose and was stretched, probably as a result of an
underlying thermal anomaly. These zones of uplift were followed by diverging zones of collapse
(downward arrows). Upper Triassic red beds were deposited unconformably as continental rift
fill on eroded basement. Widespread erosion formed the subsalt angular unconformity across
Triassic strata and Paleozoic basement.

By the Middle Jurassic, the basin had subsided sufficiently to allow restricted incursion of
seawater along the linear trough and its flanks, depositing the Louann Salt. Rift volcanism is
recorded by lava flows and ash falls immediately above and below the salt.

In the Late Jurassic, open shallow-marine deposits accumulated on the subsiding con-
tinental shelf in the basin during continental breakup. The paucity of terrigenous sediment on
this shelf suggests that the rift margin was still sufficiently elevated to divert rivers elsewhere.
Continued, cooling-induced subsidence of the divergent continental margin eventually allowed
progradation of large volumes of terrigenous clastics in the Late Jurassic and Early Cretaceous,
when the Gulf of Mexico had completely formed. Rates of basin subsidence and sediment
accumulation declined throughout the Cretaceous and had virtually ceased by the early

Tertiary.

Jackson and Seni (1983); Jackson (1981b); Seni and Kreitler (1981); Jackson and others (1982)
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Figure 1. Schematic cross sections showing evolutionary stages in formation of East Texas
Basin and adjoining Gulf of Mexico (from Jackson and Seni, 1983).
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Structural Framework

The East Texas Basin has been distorted by second-order anticlines, including salt pillows, salt
diapirs, and turtle structures, formed directly by gravity creep of salt. The basin is bounded by
the Mexia-Talco fault zone on the north and west, by the Sabine Arch on the east, and by the
Angelina Flexure on the south.

The western and northern margins of the East Texas Basin coincide with other geologic
structures varying from Pennsylvanian to Tertiary in age (fig. 2): (1) the Pennsylvanian
Ouachita fold and thrust belt beneath Mesozoic cover and (2) the Triassic rift grabens and half
grabens parallel to the Ouachita trend. This part of the basin margin is defined by the Mexia-
Talco fault zone, a Jurassic to Eocene peripheral graben system that coincides with the updip
limit of the Louann Salt.

The Sabine Arch (Uplift) forms the eastern margin of the basin (fig. 3). The southern
margin of the basin is defined by the Angelina Flexure, a hinge line that is generally monoclinal
at its ends and anticlinal in the middle. The Elkhart - Mount Enterprise fault zone extends from
just north of the western end of the Angelina Flexure to the center of the Sabine Arch (fig. 2).

The gross structure of the East Texas Basin consists of regular basinward dips in the east,
west, and north and a low rim in the south along the Angelina Flexure. Deformation within the
basin appears to be related solely to large-scale, gravitationally induced creep of salt
(halokinesis). The synclinal East Texas Basin was distorted by three types of second-order, salt-
related anticlines: (1) salt pillows--large, low-amplitude, upwarping structures cored by salt;
(2) salt diapirs--subvertical, cylindrical salt stocks that have pierced the adjacent strata; and
(3) turtle structures--salt-free growth anticlines formed by subsidence of their flanks caused by

collapse of underlying salt pillows during salt diapirism.

Jackson (1982); Agagu and others (1980b)
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Stratigraphic Framework

The East Texas Basin contains 5,500 to 7,000 m (18,000 to 23,000 ft) of Mesozoic and Cenozoic
evaporites, fluvial-deltaic sandstones, shales, and shelf carbonates. Apart from certain Upper
Jurassic shales, deep-water (>300 m; >1,000 ft) facies are absent.

The basin fill in East Texas followed a typical path from purely continental (Late Triassic)
through restricted marine (Early Jurassic) to open shallow marine (Late Jurassic). This
sequence was followed by episodes of terrigenous clastic and carbonate accumulation (Creta-
ceous), terminating with largely fluvial deposition (Tertiary) (figs. 4, 5, appendix). During the
Late Triassic rift stage, Eagle Mills red beds were deposited unconformably on eroded
basement. Middle Jurassic marine incursions along the rifts deposited the Werner Formation,
consisting of red beds and evaporites and the overlying evaporitic Louann Salt.

Open shallow-marine deposits in the Upper Jurassic Smackover, Buckner, and Gilmer
Formations represent accumulations during continental breakup on the subsiding continental
shelf. Sand-rich Schuler-Hosston deltas prograded across the divergent continental shelf during
the Late Jurassic and Early Cretaceous. A rapid marine transgression resulted in the
accumulation of Glen Rose carbonates, minor evaporites, and shale. In the Middle and Late
Cretaceous, deltaic and fluvial sequences such as the Woodbine and Eagle Ford repeatedly
prograded and built out the continental shelf. By the early Tertiary, the basin was essentially
full, and fluvial systems prograded over the southern rim of the basin into the Gulf of Mexico.

Net erosion has characterized the last 40 Ma of geologic time.

Wood and Guevara (1981); Agagu and others (1980a)
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Regional Hydrogeology

The Wilcox-Carrizo fresh-water aquifer system is separated from deeper saline aquifers by 600
to 1,200 m (2,000 to 4,000 ft) of aquitards and aquicludes. The proposed salt-dome repository
would lie at the depth of aquitards and aquicludes between the fresh Wilcox-Carrizo and the
saline Woodbine systems.

Major fresh-water aquifers in the East Texas Basin are (youngest to oldest) the Queen
City Formation, the Carrizo Formation, and the Wilcox Group. The Queen City is a water-table
(unconfined) system in which topographic effects create a series of local ground-water basins.
Immediately below is the leaky Reklaw aquitard, which causes artesian conditions in parts of
the underlying Wilcox-Carrizo aquifer system. The Wilcox-Carrizo aquifer system includes
(1) an artesian (confined) section overlain by the Reklaw aquitard and (2) a water-table
(unconfined) system where the Wilcox-Carrizo crops out along the west, north, and east margins
of the basin. The fresh-brackish water interface (1,000 mg/L) generally lies from 90 to 150 m
(300 to 500 ft) above the base of the Wilcox Group. The major saline aquifer is the Woodbine
Group, separated from the fresh-water systems by 600 to 1,200 m (2,000 to 4,000 ft) of
aquitards and aquicludes. Deeper saline aquifers include the Paluxy Formation, the Glen Rose
Subgroup, and the Hosston Formation ("Saline Aquifers," p. 83). A repository at a depth of 600
to 900 m (2,000 to 3,000 ft) would be situated at the depth of the 600- to 1,200-m (2,000- to
4,000-ft) interval between the Wilcox and Woodbine aquifers.

Regional ground-water flow patterns in the Wilcox-Carrizo system are shown in figure 6.
Owing to a shallow water table (depth =12 m, 40 ft), flow in the large outcrop areas along the
west and east margins of the basin correlates closely with topography. Ground-water flow lines
in outcrops emanate from large recharge areas at watershed divides and either converge on
streams or veer downdip. Topographic control on flow is also evident in the confined (artesian)
section of the basin, where flow lines tend to veer away from watershed divides and generally
converge toward the Trinity, Neches, and Sabine Rivers. This indicates that the Reklaw
aquitard leaks in some areas and that the Wilcox-Carrizo aquifer may discharge upward through
the Reklaw to streams. Both Oakwood and Keechi Domes are located within the artesian
section. Pressure-depth relations ("Ground-Water Hydraulics," p. 65) indicate that upward

leakage is confined to the area around the lower Trinity River.

Fogg and Kreitler (1982); Fogg and Kreitler (1981); Fogg (1980a); Fogg and others (1982a)
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Inventory of East Texas Salt Domes

A wide range of pertinent geologic and economic data for all 15 shallow salt domes is
summarized in this report. Salt-stock morphology provides a guide to structural maturity.

This program was designed primarily to examine the feasibility of isolating nuclear waste
in East Texas salt domes. The program collected pertinent geologic and economic data for all
15 shallow domes (fig. 7): location, residual-gravity expression, depths to cap rock and salt,
orientation and lateral dimensions, shape, cap-rock thickness and composition, geometry of
adjacent strata, faulting around dome, growth history, evidence of collapse, topographic
expression, surface salines, resources, and uses of the domes. Graphics for each dome include
structure contours of the salt stock on-a topographic base, isometric block diagram of the salt
stock, cross sections showing salt-stock shape along major and minor axes, and a cross section
through the dome showing adjacent strata.

The orientation of precursor Jurassic - Lower Cretaceous salt ridges controlled the
following aspects of the diapirs that evolved from them: major-axis orientation, diapir-family
orientation, and overhang directions (figs. 8 9). The following variables generally correlate
with increasing structural maturity in salt stocks: decreasing axial ratio, increasing percentage
overhang, and increasing planar crest area. The most reliable indications of structural maturity
in salt stocks are axial ratio and percentage overhang (fig. 10). No one variable is totally

reliable, and this approach should be treated with caution.

Jackson and Seni (1984); Giles and Wood (1983); Wood and Giles (1982); Giles (1980)
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REGIONAL GEOLOGIC STUDIES
Present Distribution and Geometry of Salt Structures

A central province of salt diapirs is surrounded by three other provinces: intermediate-
amplitude salt pillows (inner), low-amplitude salt pillows, and a salt wedge (outer). These
provinces reflect increasing thicknesses of the original salt source layer toward the basin
center.

The present distribution and morphology of salt structures in the East Texas Basin are
portrayed in figure 11. A zone of undeformed salt, 2.7 to 4.6 km (8,800 to 15,000 ft) deep and
225 km (135 mi) long, encircles an array of salt structures. In much of the basin center, the
Louann Salt is apparently absent. Salt structures (fig. 12) are classified into the following
provinces.

(1)  An outermost salt wedge consists of apparently undeformed salt from 0 to 340 to
640 m (0 to 1,115 to 2,100 ft) thick. Its updip pinch-out coincides with the Mexia-Talco fault
zone.

(2) Periclinal salt structures with low amplitude/wavelength ratios are called low-
amplitude salt pillows. These pillows are flanked by synclines of Louann Salt. The Louann Salt
was originally at least 550 to 625 m (1,800 to 2,050 ft) thick before deformation, according to
graphical reconstruction by unfolding of the pillows. Overburden thickness was about 500 m
(1,640 ft) throughout provinces 1 through 3 at the start of salt movement.

(3) Intermediate-amplitude salt pillows are commonly separated by salt-evacuated
synclines and are larger than pillows of province 2. Original thickness of the salt source layer
here is estimated to be 550 to >760 m (1,800 to >2,500 ft), on the basis of graphical
reconstruction by unfolding of the pillows.

(4) The salt diapirs of the diapir province in the basin center are the most mature salt
structures. They have all partly "pierced" their overburden and have risen to within 23 m (75 ft)
(Steen Dome) to about 2,000 m (6,560 ft) (Girlie Caldwell Dome) of the present surface.

Jackson and Seni (1983, 1984); Seni and Jackson (1983a,b, in press); Giles and Wood (1983); Giles
(1980); Giles (1981); Wood and Giles (1982)
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Seni, 1983).
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Mechanisms Initiating Salt Flow

Salt pillows formed by (1) differential loading by deltaic sediments over shallow salt; (2) passive
rise of salt into gravity-glide anticlines; (3) buoyancy at depths <700 m (<2,300 ft), where salt
was loaded by dense carbonates; (4) buoyancy at depths >700 m ( >2,300 ft), where salt was
loaded by compacted terrigenous clastics and most other sediments; and (5) possible thermal
convection in thick salt masses >1,000 m ( >3,280 ft) deep.

For salt to undergo steady-state creep (rheid flow), several conditions must be present.
Many combinations of factors, however, promote ductile behavior, such as increasing water
content, high temperatures, and low strain rates. Differential stress (equivalent to hydraulic
gradient in fluids) must exceed the elastic plastic-flow limit of the salt. Numerous geologic
variations in thickness, density, viscosity, or temperature (such as folds, faults, and facies
changes) provide differential stresses and trigger salt flow.

In the case of a dipping salt layer of uniform thickness overlain by horizontal, parallel
layers of uniform thickness, salt will flow downhill, regardless of the overburden density. This
causes updip thinning and downdip thickening of the salt; cover extends updip and shortens
downdip by gravity-glide buckling. Where a dipping layer of uniformly thick salt is overlain by
progressively thicker, denser cover downdip, updip salt flows downhill from P3, and downdip salt
flows uphill from P, converging at a point, P2, where the gravity head is balanced by the
pressure head (fig. 13); salt pillows can be nucleated at convergence points like P5.

East Texas salt pillows initially grew by buoyancy because a density inversion was induced
by dense Upper Jurassic carbonates overlying less dense salt (fig. 14). Salt rise was probably
augmented by folding of the carbonates as they glided into the basin over the salt detachment
zone. Younger, larger pillows grew from salt ridges formed by intense differential loading at
the leading edge of prograding sand-rich deltas (fig. 15). In at least one dome (Hainesville),
erosional breaching of a pillow triggered diapirism. After deep burial had compacted
terrigenous sediments, diapir buoyancy was driven by density inversion. Salt may now be

thermally convecting in the deepest parts of salt stocks.

Woodbury and others (1980); Kehle (in preparation); Jackson and Seni (1983); Jackson and Harris
(1981)
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Figure 13. Schematic cross section showing salt-flow directions in dipping source layer overlain
by uniform, onlapping overburden (R. O. Kehle, personal communication, 1982). The density of
units 1 and 2 is greater than that of salt, and the density of units 3 and 4 is less than that of

salt.

|0km —3>|
10mi —3|

Water

»':'S'egzlimenvt‘!:v: .

[
il Hh
}}I\[] W

Fluid gradient = 2 x10% (p, =2.25, average Gulf Coast sediment)

or2x I(53q (P, =2.75, anhydrite - carbonate mixture)

Figure l4. Schematic cross section showing fluid gradient between P2 and P3 in 10-mi-wide
salt pillow below denser cover based on hydraulic head and slope of pillow flank (R. O. Kehle,

personal communication, 1982).
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Figure 15. Schematic cross section showing fluid gradient in tabular salt below P3 and Py,
induced by differential loading by dense, sand-rich delta prograding toward viewer (R. O. Kehle,
personal communication, 1982). Gradient is 20 or 2 times (for cover of specific gravity 2.25 to
2.75, respectively) the buoyancy force induced by density inversion shown in figure 14, although
the size of the heterogeneities is the same.
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Initiation of Salt Flow

Seismic data indicate that the oldest salt structures were low-amplitude pillows. The pillows
grew beneath the Smackover-Gilmer carbonate platform. Subsequently Schuler-Hosston deltas
prograded across the platform and formed more-distal salt anticlines.

The earliest record of movement in the Louann Salt is in the overlying shallow-marine
interval below the top of the Upper Jurassic Gilmer Limestone. This seismic unit thins over
salt pillows of province 2, and overlying units onlap these pillows. Low-amplitude salt pillows
therefore grew in pre-Gilmer time. Pillows grew along the western margin of the basin in
pillow provinces 2 and 3 ("Present Distribution and Geometry of Salt Structures," p. 27).
Oakwood Dome and possibly Grand Saline Dome, on the southwestern fringe of the diapir
province 4, also began to grow as pillows in pre-Gilmer time.

The overlying Upper Jurassic marine strata formed an aggrading, slowly prograding,
carbonate wedge that loaded the salt fairly uniformly. The evaporitic Buckner Anhydrite
wedges out seaward in pillow provinces 2 and 3 (fig. 16A), possibly because topographic swells
over pillows restricted circulation of seawater. The carbonate shelf break is inferred from
abrupt thickening of overlying terrigenous clastics along this line. In Gilmer time, the basin was
still starved and the slope sediments were thin (fig. 16A). This accounts for the lack of
contemporaneous halokinesis in the central basin, despite its having the great thickness of salt.

In the Late Jurassic and Early Cretaceous, the Schuler-Hosston clastics prograded rapidly
across the carbonate platform as coalescing sand-rich deltas. Progradation slowed on crossing
the shelf break, but the thick deltas continued to advance as a linear front into the previously
starved basin (fig. 16B). Subsurface mapping delineates strike-parallel thicks in provinces 3 and
4, indicating the existence of parallel ridges and troughs. Loading of the pre-Schuler substrate
by the advancing linear depocenters would have squeezed salt ahead as a frontal bulge to form
salt pillows (fig. 16B). An increase in sediment supply or progradational rate would have buried
the frontal pillows, thereby initiating parallel, but more distal, salt pillows, ridges of salt from

which the salt diapirs would have grown by budding upward.

Jackson and Seni (1983); McGowen and Harris (in press); Jackson and Harris (1981); Kehle (in
preparation)
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Figure 16. Models of Late Jurassic - Early Cretaceous salt mobilization. (A) Schematic block
diagram of depositional facies during Bossier-Gilmer-Smackover time (after Jackson and Seni,
1983). (B) Schematic block diagram of depositional facies during Hosston-Schuler time (after
Jackson and Seni, 1983). Numbers 1 and 2 refer to primary and secondary peripheral sinks,
respectively.
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Diapirism

Group 1 diapirs grew along the margins of the diapir province in Late Jurassic - Early
Cretaceous time. Group 2 diapirs grew along the basin axis in the mid-Cretaceous. Group 3
diapirs grew along the northwestern margins of the diapir province in the Late Cretaceous.

By Glen Rose time (Early Cretaceous), salt diapirs were growing in three areas around the
periphery of the diapir province (fig. 17), starting at about 130 Ma ago. Two areas coincide
with known Schuler-Hosston clastic depocenters. The significance of the third area on the
eastern margin of the basin is obscure. These group 1 diapirs thus appear to have been localized
by loading on the salt-cored pillows in front of the prograding Schuler-Hosston deltas.

By mid-Cretaceous, when maximum sedimentation was taking place in the basin center, a
second generation of diapirs evolved through a pillow stage from the thick salt (fig. 18). Sites
of group 2 diapir initiation migrated from the basin center northward along the basin axis.

The group 3 diapirs on the northern and western margin of the diapir province had a
different origin. In the Late Cretaceous, subsidence of the East Texas Basin had declined
exponentially to relatively low rates. Tilting of the basin margins by loading of the basin center
would have promoted basin-edge erosion, a common process during the end of basin evolution.
Alternatively, erosion may have been fostered by the rise of a large salt pillow, which would
have caused shoaling and exposure of the overlying sea floor. Local unconformities exist over
Hainesville Dome, and 150 to 200 km3 (37 to 49 mi3) of salt are calculated to be missing. The
precursor salt pillow was breached by erosion; salt extrusion formed the largest secondary
peripheral sink in the East Texas Basin. Erosional breaching of the faulted crests of salt pillows

might also have initiated piercing by the first and second generations of diapirs.

Seni and Jackson (1983a, b, 1984); Jackson and Seni (1983, in press); Giles (1981); Loocke (1978)
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Effects of Dome Growth on Depositional Facies of Enclosing Strata

Studies of paleoenvironments of the East Texas Basin and of modern environments elsewhere
show that growing salt structures formed topographic mounds and depressions. The topographic
influence on sedimentation patterns is characteristic of different dome-growth stages and
sedimentary environments.

Syndepositional lithostratigraphic variations in response to salt flow highlight the inter-
dependence between sediment accumulation and dome evolution (fig. 19). These litho-
stratigraphic variations were primarily controlled by paleotopography. Salt uplift formed broad
swells over salt pillows and small mounds over diapirs. Concurrently, topographic and
structural basins formed over zones of salt withdrawal, leaving saddles with residual elevation
between the basins (fig. 20). This salt-related topography influenced sedimentation patterns,
which, in turn, enhanced continued salt flow because of increased loading by vertically stacked
facies in the peripheral sink.

In the East Texas Basin, salt-pillow growth uplifted and thinned broad areas over the crest
and flanks of the pillows, whereas diapir growth uplifted and thinned smaller areas (fig. 19).
During diapirism, the effect of the topographic depression in the large peripheral sink was much
greater than the effect of the diapir mound. Continued domal "piercement" commonly
destroyed the uplifted strata by erosion or by shoving the uplifted units aside. In contrast,
much of the broad, thinned zone over pillow crests was preserved when during diapirism the
underlying pillow collapsed and was buried deep below secondary and tertiary peripheral sinks
(fig. 20). The locations of sinks are related to evolutionary stage and regional dip. Axial traces
of primary peripheral sinks tend to be updip of the salt pillow. In contrast, secondary and
tertiary peripheral sinks commonly encircle the diapir. This change in position results from the
transition from predominantly downdip lateral flow in the pillow stage to a combination of
centripetal and upward flow in the diapir stage. 7

The sedimentary response of fluvial and deltaic environments to salt-influenced topog-
raphy was different from the response of marine and shelf environments. Fluvial systems
bypassed topographic mounds above domes and pillows (fig. 21). Sediments deposited in uplifted
areas, therefore, tend to be thin and sand poor (fig. 22). Subsidence of the peripheral sinks
promoted aggradation of sand-rich fluvial-channel facies.

In siliciclastic shelf and shallow-marine carbonate environments, sand can accumulate by
winnowing on bathymetric shoals, so