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Topical Report

Because the Travis Peak Formation of East- Texas and -North

- Louisiana. is -most - often: hydraulically: fractured  to “achieve

economic production rates, it is important to understand the
structural geologic setting of these areas. Lineament analysis
using - satellite  imagery has become a standard technique in

-analyzing for preferred structural orientations and was applied to

define relations between subsurface structures and surficial
features. Regional stratigraphic studies of the Travis Peak
showed that the Sabine Uplift probably postdated Travis Peak
deposition. A detailed study of the Travis Peak and younger
sediments was required to confirm the timing of relative uplift
and to help define mechanisms for structural growth. All data are
being utilized to help define past and present stress regimes that
relate to current natural and hydraulic fracture orientations.

Lineaments have been recognized as the surficial expression of
geologic structure in many studies. Previous analysis- of
lineaments in East Texas reported parallelism between trends of
lineaments and structural features and correlation between
lineaments and faults. This report summarizes a regional study of
lineaments mapped on Landsat Thematic Mapper images and
describes - spatial correspondence and parallelism between
lineaments and subsurface structure. Earlier subsurface studies
of the Sabine Uplift area have been limited by shallow and widely
spaced well data. Structure and isopach maps presented in this
report provide an improved interpretation of the structural and
depositional history of the Lower Cretaceous interval in the

Sabine Uplift area.

Most lineaments detected in this study are stream network
features. Few lineaments display a one-to-one correspondence
with mapped faults or geologic contacts. High values of
lineament density demarcate major fault zones. Two regional
lineament orientations are significant - at the 99-percent
confidence level: 325 degrees and 21 degrees. The northwest
regional trend is parallel to wellbore elongations at depths down
to 2,400 m (8,000 ft) in the Jurassie Schuler Formation. The East

vii



Technieal
Approach

Texas Basin and the Sabine Upllft have the same significant

g ‘northwest trend, but the significant northeast - lineament

orientations for these two subregional structural features are
different. =~ The northeast trend in the East Texas Basin is
subparallel to that of elongate salt structures there. = The
northeast trend over the Sabine Uplift may result from stresses
generated by upward movement of the uplift. The northwest
lineament trend, common to the regional and subregional data
sets, is thought to result from gulfward extension in the Guilf
Coastal stress province where the least principal stress is.
perpendicular to the coast. Hydraulically generated fractures
should propagate perpendicular to the minimum compressive
stress and, consequently, perpendicular to the northwest trend of
lineaments in this study area.

The isopach maps generated in this study show that the Sabine
Uplift was part of a large basinal area during the Late Jurassic
and Early Cretaceous. The Sabine Uplift does not appear to have

been a large Jurassic-horst that remained - in-a structurally high -~

position throughout the Cretaceous and Tertiary, as is commonly
shown in the literature. Timing, orientation, and magnitude of

~ Sabine" arching indicate that the Sabine Uplift may have been

produced by northeast-directed tectonic events related to
orogenie activity in the southern North American Cordillera and
the Sierra Madre Oriental in Mexico.

Lineament studies were conducted on four black-and-white
Landsat Thematic Mapper images at 1:250,000 scale. Each image
was interpreted manually on a light table using transmitted light.
Standard statistical technlques were used to identify significant
lineament orientations.

Subsurface structural studies used 811 electric logs and 24 cross

sections. Six Lower Cretaceous units were correlated across the o

study area, and six isopach and five structure maps were
constructed.

viii
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INTRODUCTION

The Travis Peak Formation, an areally extensive tight gas sandstone in East Texas
and North Louiaiana, serves as a natural laboratory for technology development in tight gas
production. Incorporated in the geologic component of the Gas Research Institute's (GRI)
program have been‘ regional and local studies of Travis Peak de'ﬁositional systems, analyses.
of mineralogy, diagenetic history, and hydrocarbon maturation based on extensive
collection of core, and structural geolol;gic studies aimed at understanding states of stress
and- potential - controls on hydraulic fracfure propagation. This report includes two
;erle'ments'famong s¢veral components of the structural geologic studies. |

| The Landsat-based lineament analysis uses standard remote sensing techniques in an
analysis of Thematic Mapper images over a broad area of East Texas and part of North
Louisiana. Although difficult to apply in a region of abundant vegetation and intensive
agricultural land use, thé li‘neament data reflect regional and salt-related structural
features and show correlation with borehole elongation directions. This analysis of Landsat
images is being followed up withb study of higher-resolution synfhetic aperture radar
imagery that contains a higher density of detectable lineaments. Further digital processing
of Landsat imagery is expected to enﬁance interpretatioaa of specific areas of interest.
All results are being correlated with borehole data collected as part of GRI's first Staged
Field Experiment well, drilled in Waskom field, Harrison County, Texas, in August 1986.

The Sabine Uplift is the major‘structurally positive feature in northeast Texas and
northwest Louisiana, but previous stratigraphic studies have shown that it was not present
at the time of Travis Peak deposition. By focusing on the post-Travis Peak depositional
history of the Sabine Uplift area it has been possible to define the timing and extent of the
uplift and to incorporate these results in burial history curves for estimation of the timing
of diagenesis. ‘Future studies of in situ stress analysis must take into account at least twb

periods of uplift that have now been defined.



LANDSAT-BASED LINEAMENT ANALYSIS

OF THE EAST TEXAS BASIN AND SABINE UPLIFT
Robert Wi. Baumgardner, Jr.

ABSTRACT

Lineament analysis was used to study the relationship between subsurface structure
and surficial features in East Texas, southeastern Oklahoma, southwestern Arkansas, and
;nopthwesﬁern Louisiana, an area of iow topographic relief, moderate vegetation cover, and
diverse iénd use. More than 2,200 lineaments were mappgd from four standard 1:250,000-
seale Landsat Thematic Mapper images. -Operator error and data-base variation were
evaluated in areas of sidelap between adjacent images. Because no significant difference
(at p=.05 level) in lineament orientations or mean lineament length was detected in these _
areas, mapping error and differences between images were judged inconsequential. Vector -
sums of greater-than-average values of length-weighted frequency (F) were used to define
significant peaks of lineament orientation. Regional orientation for all lineaments is
bimodal, with peaks at 325 dég'i‘ees and‘21‘ degrees azimuth. The northwest regional peak
coincides with mean azi>muth of borehole elongations attributed to natural fractures in 50
wells located throughout East Texas. Within the salt structure‘province of the East Texas
Basin the azimuth of the vector sum for lineaments (16 degrees) is not Significantly
different from that for underlying, elongated salt-related structures (29 degrees) (salt
diapirs, salt pillows, turtle Structures). These results suggest that lineaments and
subsurface structures result from like-oriented stresses. Lineament density (length/unit
area) was measured in 100 km?2 grid cells throughout the study area, and it successfully
delineated some large. structural features. An arcuate trend of high values

(>20 km/100 km2) demarcates the Mexia-Talco Fault Zone. Other density highs occur near



fhe Angelina Flexure and the Rodessa, South Arkansas, and Elkhart-Mt. Enterprise Fault
Zones. Lineament density values have no consisfent spatial relationship with salt-related
structures, but their relatively small size probably makes these structures difficult to
deteét. These results indicate that high lineament density coincides with most major
surface and subsurface structures in the study area. Furthermore, statistically significant
lineament orientations coincide with azirﬁuths of elongated boreholes and deeply buried

structures and may be diagnostic of regional and basinwide stress regimes.

INTRODUCTION
Purpose and Scope

This remote sensing‘ study is part of | a co‘mpx‘-ehensive investigation of the Lower
Cretaceous Travis Peak Formation in East Texas and northwest Louisiana. The purpose of
this study .is to identify and deseribe lineaments and, if possiblg, assess their relationships
with geologic structures. Lineaments may be spatially correlated with fractures in the
subsurface, or they -may reflect the regional stress regime. If a correspondence between
lineaments and subsurface stress or structure can be demonstrated, then the spatial
distribution and orientation of these surface features can be used to assist selection of
drilling sites for hydraulic fracturing of low-permeability formations.

First use of the word "lineament" has been attributed to Hobbs (1904) by EI-Etr (1976)
in a review of the terminology appiied to linear features on the Earth's surface. The
definition formulated by Woodruff and Caran (1984, p. 8) describes the lineaments mapped
in this study: "a pattern of tones, textures, contours and other such features that is
straight, linear and more or less continuous, has definable end points and lateral boundaries
(high length/width ratio), and hence a discernible azimuth." Features that fit this

definition buf proved to be man-made were excluded from this analysis.



Four Landsat Thematiec Mapper images compose the data base for this study (fig. 1;
table 1). All are standard, black-and-white, 1:250,000-scale prints obtained from EROS
Data Center prior to September 1985. These four images provide almost complete
coverage of the study area from 93°W to 97°W between 31°N and 34°N (flg 1). The
prmclpal tectonie features in the area are the East Texas Basin, the Sabine Uphft, and the
North Louisiana Salt Basin (fig. 1). The East Texas Basin is bounded by the Mexia-Talco
Fault Zone on the north and west, by the Sabine Uplift on the east, and by the Angelina
Flexure on the south. The boundary of the irregular Sabine Uplift has been defined
differently by various authors (Murray, 1948; Andersen, 1960; Granata, 1963; Carlson,
1984).  For the sake of uniformity in figure 1, the outcrop contact between the Eocene
Wileox Group and overlying Carrizo Sand (in Texas) or Claiborne Group (in Louisiana) was
selected to mark the edge of the uplift. The North Louisiana Salt Basin is delimited by the
Sabine Uplift on the west. Its eastern boundary, the Monroe Arch, is outside the study
area.

‘Most of the study area is underlain by rocks of Eocene age (figs. 2 and 3). Except for
Quaternary sediments filling the major stream valleys, rocks exposed in the area are
progressively younger toward the Gulf Coast. Cretaceous rocks crop out north and west of

the Mexia-Talco Fault Zone, outside the East Texas Basin.
Physiography and Land Cover

Physiography in the study area is the product of fluvial erosion of mostly weakly
indurated sediments. Generally, topography is flat to slightly rolling, reflecting the gentle
regional structural dip toward the Gulf Coast and the relatively high erodibility of most
exposed rocks. The pattern of outerop belts gives rise to inland-facing, generally
northeast-southwest-trending, cuestas (Fenneman, 1938; Stenzel, 1938; Murray, 1961).
Major cuestas are, from northwest to southeast, White Rock Escarpment, Sulphur Cuesta in

southwestern Arkansas, Nacogdoches Escarpment, and Kisatchie Escarpment (fig. 2). Each
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Texas are from Ewing (in preparation).



Table 1. Landsat Thematic Mapper images used in this study. All images were
generated using band 5 data (1.55-1.75 um). For location of images see figure 1.

Rate
Path/row Scene Sun Sun Mapping of
Landsat identification elevation azimuth time error
4 orb number Date (degrees) (degrees) (hr) (%)
25/37 50249-16194 Nov. 5, 1984 35 150 7.25 5.5
25/38 50265-16200 Nov. 21, 1984 32 150 6.50 5.0
26/37 40202-16250 Feb. 3, 1983 31 142 - 8.25 1.6
26/38 40202-16252 Feb. 3, 1983 32 141 7.75 3.8
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cuesta is developed on resistant strata with scarp faces up to 30 m (100 ft) high (Fenneman,
1938). = All but the Nacogdoches Escarpment are narrow,r continuous scarps in the study
area. The'Nacogdochesk scarp has been eroded into a series of hills capped, locally, by iron-
oxide cemented marl and greensand (Fenneman, 1938). Its general position is shown in
figure 2 by a line that was drawn on 1:250,000-scale topographic maps through groups of
topographic highs above 152 m (500 ft) elevation. Loéally, drainage is controlled by these
resistant strata, and obsequent streams flow parallel to the outcrop belts along more
erodible beds. Except in the vicinity of scarps, topographic relief throughout the study
area is low. Major river valleys and their interfluves slope to the east, southeast, and south
atfj‘0‘.2 to'1.1 m/km (1 to 6 ft/mi). Tributary streams have slopes up to 3 m/km (16 ft/mi). -
Maximum tdpographic slope values, measured on 1:250,000-scale U. S. Geological Survey
topographic maps, reach 34 m/km (180 ff/mi), but they cover less than 1 perceﬁt of the
study area.

The study area in Texas covers parts of threé horfh-south-tfending physiographie-
vegetative provinces. From east to west these are the Pineywoods, Post Oak Savannah,
and Blackland Prairies (Orton, 1964; McMahan and 6thers, 1984). Native vegetation of the
Pineywoods, as its name ikmplies, is mostly piﬁe (Pinus spp.). The Post Oak Savannah

contains mostly blackjack oak (Quercus marilandica). The Pineywoods and Post Oak

Savannah extend into northern Louisiana and southern Arkansas. They aré referred to
collectively as the Ouachita-Red River Rolling Lands by Murray (1961, ‘his Landform Map).
Native vegetation on the Blackland Prairies, in the westernmost part of the study ares, is
various grasses, except along watercourses, where hardwood trees are found.

All of these vegetation types have been altered by man. Roads, towns, reservoirs,
agricultural fields, and new-growth areas in forests are some of the most common signs of
human activity that are visible on Landsat imagery. Areas of grassland have been
introduced in the Pineywoods and Post Oak Savannah. The Blackland Prairies are almost

entirely cultivated (MecMahan and others, 1984).

10



. Previous Work

Lineaments have been recognized as the surficial expression of geologic structure in
many published studies (Frost, 1977; Caran and others; 1981; Williams, 1983; Bailey and
others, 1984; Woodruff and Caran, 1984). For areas where sedimentary cover and
vegetation are relatively thin or absent, such results are readily achieved. But even where
unconsolidatéd sediments and vegetation obscure bedrock, lineament studies have revealed
geologic structures such as uplifted basement blocks (Thomas»,‘1974) and domal structures
(Berger, 1982).

- :Successful detection of buried or obscured structures via analysis of lineaments in the
study area presents Several challenges. Structures formed by salt movement (domes,
pillows, and turtle structures) and basement structures are covered by sediments ranging
from less than 100 m (330 ft) to more than 6,00.0 m (20,000 ft) thick (Jackson and Seni,
1984a). Natural vegetation patterns of e_vergreen and deciduous forests and ‘prairies have
been much altered by land-use practices such as ‘cultivation for agricultural crops and
cléar—cutting in woodlands. Furthermore, man-made linear features of the landsecape, such
as roads, power lines, and dams, hamper detection of natural lineaments.

Previous studies of lineaments in East Texas Nreported (1) parallelism between the
trends of lineaments and structural feétures (Dix and Jackson, 1981), (2) correlation
between lineaments and faults (Caran and others, 1981), and (3) correlation between -
lineament intersection and a producing oil field (Berger, 1982). Other workers have
discussed the application of lineament studies to mineral exploration (Norman, 1976;
Halbouty, 1980). Thus, precedent has been set for this study's approach to lineament

analysis based on Landsat data.
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METHODS AND MATERIALS
Imagery

All Landsat Thematic Mapper (TM) images used for this study were generated with |
deta from band 5. This bandvdetects ret‘lective infrared energy between wavelengths of
1.55 and 1.76 mm. It was used because within its range the reflectances of three basic
land-cover types are quite different (fig. 4), meking‘ them easier to see on the Landsat
image. Furthermore, vegetation moisture differences can be detected in »this band, and
these may reveal subtle differences in plant cover that are related to soil types. Different
-+80il “t'yees canv result from different parent materials -or other geologic: and geomorphic . -
factors. Recent werk by Drufy (1986) showed that band 5 is especially useful for detection
of geologicbstructure in agricultural terrain, which covers much of the study area.

The resolution of the Thematic Mapper in band 5 is 30 m (100 ft). Under most
conditions, an object on the ground must be>30 m (100 ft) wide to be detected by the
satellite sensor. An exception to this general rule occurs when an object less than 30 m
(100 ft) wide heving‘ very high reflectance, such as a dry, gravel-topped road, occurs in low-
refleetance surroundings; suctl as a wet, grass-covered field. Because of the large
difference in reflectance, the senser will detect the narrow road. However, natural land-
surface features seldom display such contrast.

Images acquired during late falt and winter (table 1) were used for two reasons:
(1) low sun angle was needed to enhance low topographic relief of the study area, and
(2) because parts of the study at'ea are covered by weods and cultivated fields. 'Leaf
canopy is abseh‘t or thinner in the winter than in other seasons (except m areas of
evergreeh forest), which allows the satellite sensor to detect the spectral signature of the
ground rather than the vegetation (Uttamo, 1979).

The sun's azimdth for all scenes is between 141 and 150 degrees (table 1). As a

result, in this area of relatively low relief and surface dissection, linear features
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Figure 4. Spectral range 6f Landsat satellite sensors. Each band:represents that part of
the electromagnetic spectrum that each of the sensors detects. a. Distribution of Landsat
. bands in visible, reflective infrared, and emissive infrared wavelengths. b. Reflectance of

- three basic land cover types in the visible and reflective infrared wavelengths. Percent -

. reflectance is a measure of relative brightness on a Landsat image. In band 5 bare soil is
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b brightness.
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perpéndicular to the sun's azimuth (51 to 60 degrees) may be preferentially illuminated or
shaded, similar to the effect of look direction on features detected by side-looking radar
(Yamaguchi, 1985). However, in only one part of the study area does the interval between
51 and 60 degrees azimuth have a length-weighted frequency that is significantly higher
than the mean value (discussed in a later section). Thus, any excessive enhancement by

solar shading or highlighting of features with azimuths of 51 to 60 degrees is minimal.

Procedures

™~

Lineaments were mapped in four steps. First, the Landsat image was placed on a
light table and viewed with transmitted light in a darkened room.- A transparent sheet of
mylar was placed over the image and the end points of each lineament were marked.
Second, after thorough visual ingpection was completed, a second sheet of transparent
mylar was placed over the first, and the end points were connected by a line drawn on the
- second sheet. In this wéy the image was not obscured during the initial visual inspection by
a growing network of lines. Third, the mapped lineaments were checked against larger-
scale photomosaics (1:63,360 scale) and, when available, aerial photographs (1:20,000 and
1:40,000 scale). Lineaments‘ were transferred from the second mylar overlay to the
photomosaics using a proportional projecfor to enlarge the lineament overlay to the scale
of the photomosaies. Lineaments corresponding to man-made features such as fences,
straightened river channels, levees, power line vrights—of—way, and the like were erased
from the overlay. Rates of error varied from image to image (table 1), but for all four
Landsat images, the number of man-made features erronéously mapped amounted to
3.8 percent of the lineaments checked. Lineaments that were neither man-made, nor
clearly associated with some natural feature, such as a straight stream valley, were not
erased. These were usually mapped on straight tonal boundaries that were visible on the
Landsat images but were not apparent on the‘larger-sc‘ale photographs. In the fourth step,

those lineaments confirmed as natural features were transferred from the second mylar
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overlay.to U.S. Geological Survey topographic maps at the same scale (1:250,000). In areas
where images overlapped (betWeen Rows 37 and 38) or sidelapped (between Paths 25
and 26) (fig. 1) lineaments from only one image were transferred to the teppgraphic maps
to avoid ci'eating' false high lineament density along image boundaries. At this point,
lineaments were compared with maps of surface geology to determine whether spatial
correspondence existed between lineaments and mapped geologic features, such as faults
and formation con‘tacts. Finally, from the maps the linearnents were digitized foi'
computer-assisted analysis.

- To ensure that each 1mage was given equally rigorous mspectlon, records were kept |
of tlme spent per image, and statistical tests were used on lineaments in the 51delap area-
between adjacent images. Each scene was examined for 6.5 to 8.25 hours (table 1). This
time included using a mask to view 1/9 of an image at a time. The mask was placed over
the image and each 1/9 of the image was s'tudied for 10 minutes. During this procedure all
parts of the image received equal attention. Differences in time spent on each image were
caused by differences ‘in contrast on each image, but this did not significantly affeect
. mapping of the lineaments, as shown by comparison of lineament data from ‘sidelap areas
between Paths 25 and 26 (fig. 1). Larger—than—aﬁerage, azimuth peaks'from different
images in the sidelap area coincide. Mean lengths of lineaments in the sidelap area in
Path 25 are not significantlly different (at p = .05 level) from the mean lengths in Path 26.
These results indicate that the difference in quality of different Landsat images causes no
significant change in the perceived length of lineaments, nor does it affect the azimuth of
larger-than-average peaks. Fui'thermore, this procedure proved that the investigator found
the same larger-than-average peak azimuth for the same area on different images at
different times. Thus mapping error was determined to be insignificant.

Initially, lineaments transferred to the 1:250,000-scale topograbhic maps were
digitized in one-degree-latitude by one-degree-longitude zones. Then, azimuth data for all

lineaments in the study area were compiled to define regional lineament orientation.
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F‘inally, the data were examined for eachr one-degree square zone and for subregional
structural features such as the East Texas Basin and the Sabine Uplift. In each ‘case
lineaments were analyzed for length-welghted frequency (F) and Bernshtein accuracy
crlterlon (H) as described by Dix and Jackson (1981). These measurements of azimuth are

discussed more fully in the Results section of this report.
Definition of Observed Lineaments

Of the 2,250 lineaments in the study (fig. 5) 1,860 (83 percent) were checked agaihst
photomosalcs. Of these, 236 were compared with larger-scale (1:20,000- or 1:40, 000 scale)
'aerlal photographs and deseribed as shown in table 2 and figure 6. More than 90 percent of
the described lineaments are stream network features. Because the visibility of streams is
net affectedbby land cover or land use, it is unlikely that differences in these factors
affected the detection of most lineaments. Topographic features, such as scarps, account
for only 2 percent of all described Iinearﬁents. This is not surprising, given the low local
relief in the study area. Although large-scale photographic coverage of the study area is
incomplete, no evidence suggests that the percentage of each lineament type in table 2
would change if more photographs were available. It‘is reasonable to expect that these 236

lineaments are representative of the other 2,014 in the study.
RESULTS
Coi-respondence Between Lineaments and Geologic Features

Detection of features on the Earth's surface by the Landsat Thematic Mapper is
constrained by the resolution of its sensor. Under most conditions of natural land cover an
object must be at least 30 m (100 ft) wide to be detected by the sensor. Most lineaments in
this study are stream network features because they are the most common physiographie

features in the area large enough to be detected by the sensor. In addition, the difference
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Figure 5. Map of all Landsat lineaments mapped in the study area.
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“Table 2. Descriptions of lineaments checked against large-scale aerial
photographs. See figure 6 for examples of 1 through 8.

Description - Number Percent

1. Meandering/sinuous stream with overall straight plan view 79 34
- 2. Straight valley with straight or meandering stream : 62 26

3. Meandermg/smuous valley with overall stralght plan view 29 12
4. Straight reach of river channel 25 11
5. Straight stream : - 17 7
6. Straight edge of lake 8 3
7. Straight scarp/topographic feature ' 5 2
8. Streams aligned across valley or drainage d1v1de 5 2
Other (tonal anomaly, unidentified) : 6 3

TOTAL | : 236 100

18



Figure 6. Examples of lineament types described from large-scale photographs. See
table 2 for description of each type.
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in reflectance between vegetétion-covered banks and water or between cultivated uplands
and bottomland vegetation (fig. 4) renders streams and their valleys‘especially noticeable.
Few lineaments display a one-to-one correspondence with mapped faults or geologie
contacts. Whether the straight streams mapped as lvineaments are flowing along unmapped
faults or fractures is not known. Less‘than 0.5 percent of all lineaments in the study
directly overlie faults mapped at scales of 1:250,000 and 1:500,000 (Barnes, 1967a, 1967b,
1972, 1975, 1979a, 1979b; Haley, 1976; Louisiana Geological Survey, 1984). This is due to
their lack of spectral contrast in band 5 énd the small part of the study area that faulted
terrain comprises (fig. 2). Many faults in the study area are intraformational, so that rocks
onfé'ither side of the fault have similar litholog'y, -and support-similar kinds of vegetation. -
Unless a discernible scarp develops along the fault or local hydrologic conditions lead to
vegetation differences across the fault, it will not be visible on Landsat imagery in band 5.
A slighitly higher number of lineaments coincide with geologic contacts (0.9 percent). Some
of these are cuestas that are large enough to ‘be visible at the resolution of the satellite
sensor (fig. 2). More than 2 percent of all lineaments éré parallel to faults and formation
contacts but are laterally offset frofn them. Most of these are straig'ht streams. Some are
obsequent streams, flowing parallel to outcrop belts ‘along the bases of cuestas where less

resistant rocks crop out.
Length-Weighted Frequency of Lineament Azimuths

Lineament azimuth data were initially displayed as polar graphs of length-weighted
frequency (F) (figs. Ta and 8). As described by Dix and Jackson (1981) this parameter
expresses the total lineament length in a 10-degree sector of the graph, weighted in

proportion to the number of lineaments in the area in question:
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. Figure 7. Procedure for statistical evaluation of lineament orientation data. Polar graphs
“of orientation data for all 2,250 lineaments in the study area. a. Length-weighted -
frequency (F) of lineaments has three peaks significant at the 99-percent confidence level.

- The square root of F is plotted to prevent areal exaggeration of large peaks. b. The vector
sum of adjacent larger-than-average peaks of F also has three peaks, but orientations are
different. c. Two peaks of Bernshtein accuraey criterion are significant at the 99-percent
confidence level: 325 degrees and 21 degrees. These are referred to as the significant
-regional peaks. S ' : i PRA
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Lg x n

F= o : R €Y
where F = length-weighted frequency
Lg = total lineament length in 10—-degree sector
Ly = totallineament length in area
n = number of lineaments in area

The area in question can be the entire study area, or any one of the 12 subregional
zones (fig. 8), or a subset of those data over a structural feature.

Length¥weighted frequency is used to combine lineament length and number of
lineaments in a single parameter. The advantage in using this measure is that values from
different areas can be compared while allowing for differences in number of lineaments in-

each area.
Graphical Display of Results

Selection of Polar Graphs

Polar graphs are used in this study to display directional data because of their
familiarity and ease of interpretét_ion (f‘igs. 7a and 8). Because lineament data are
symmetrical about the axis of a polar diagram, only the northern half of these diagrams,
from 270 degrees through 360 degrees to 90 degrees, is used. However, polar plots have two '
disadvantages. |

The first disadvantage is that the width of sectors used to divide the polar plot
arbitrarily limits the number and magnitude of significant peaks. When grouped with a few
high F values, several low F values can lower ‘the cumulative value for a sector.
Significant peaks that would appear if narrower sectors were used may be obscured.

This problem was evaluated using 5-degree- and 10-degree-wide sectors. Length-
weighted frequency was computed for eaE:h sector, and all peaks significant at the

99-percent confidence level were identified (table 3).  Significant 5-degree sectors
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Table 3. Significant peaks for 5-degree and 10-degree sectors. The peaks
for each zone are listed in order of descending F value. All are significant at
99-percent confidence level. Note that for zones A and L, one 10-degree
peak corresponds to two 5-degree peaks. The 10-degree peaks correspond to
19 of the 23 most significant 5-degree peaks. Locations of zones are shown
in figure 8.

Azimuths of Azimuths of Correspondence

significant 100 peaks significant 5° peaks between
Zone 1 2 3 1 2 3 4 109 and 59 peaks
A 0 330 -= 335 5 0 -- 3 of 3
B 330 -0  -—- 75 330 -= - 1 of 2
C 280 -= - 275 300 -= -= 1of 2
D 50 30 60 320 25 85 330 1of 4
E 40 320 - 35 325 355  —- 2 of 3
- F 60 -= -= 60 35 15 - 1of 3
Q. 20 60 -- 60 15 35 85 2 of 4
H 330 50 - 330 50 - -= 2 of 2
I 40 10 --= 15 40 25 - 2 of 3
J 70 - -= 70 - - - lof1
K 40 30 290 45 35 275 20 2 of 4
L 330 40 - 325 330 45 -= 3of 3
Subtotal 12 9 2 12 11 8 3 21 of 34
TOTAL 23 ' 34
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" numbered 34, ﬁhereas there were only 23 significant 10-degree sectors. However, there is

close “correspondence betweeh the -two groups of significant sectors. Nineteen of the

significant 10-degree sectors coincide with significant 5-degree sectors. Eighteen of these

are the most significant 5-degree sec‘torsr (havirig the highest F values). Thus, because the

10-degree sectors include the most signifiéant 5-degree sectors, and because 10-degree

sectors are commonly used in the literature of lineament studies (Wise, 1969; Dix and
Jackson, 1981; Finley and Gustavson, 1981), they are used here.

The second disadvantage of ’p'olar graphs is that the area of a sector of the graph
increases in propoftion to the square of its fadius. _As a result, a relatively large sector
: vw:i-'-li :.~-appear disproportionately larger than its smaller neighbors.- . For example, a sector. .
with a value of 8 will appear not twice as large as 4, but four times as large:

©)2/(4)2 =64/16=4 @)
To avoid this areal exaggeration of high F values, all data were plotted as the square

root of F (figs. 7a and 8).

Significance Level of Peaks

The method and format of the following discussion of F values is adapted from Dix
and Jackson's (1981) statistical treatment of lineament data. Results of the current study
are explained fully, but the reader desiring more background on these techniques is
referred to the cited publication.

Definition and Validity of Peak Values

In this study a peak on a polar graph of /F is defined as any 10-degree-wide sector
with a magnitude larger than the average for that graph. The "peakedness" of a graph is
affected by the number of lineaments in the sample. Dix and Jackson (1981) devised a

measure of peakedness called the index of preferred orientation (IPO).
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IPO =
1.8

where Ly =total lineament length in 10-degree sector
relative to total lineament length in data set

They observed that values of IPO for computer—generated, geologically meaningless,
random "lineaments" decreased as sample size increased. The decrease in value was rapid
from 50 to 200 lineaments but changed more slowly as the number of lineaments increased
above 200. As a résult, Dix ‘and Jackson (1981) proposed that datav sets should contain at
least 200 lineaments to "minimize the effects of randomly oriented lineaments “on
geOlbgiéaily significant trends" (Dix and Jackson, 1981, p. 12)... Although a similarly rapid - .
decrease in IPO values occurred betwéen 100 andk200 lineaments in the present study
(fig. 9), a different conclusion is proposed.

Values of IPO are higher in this study than in Dix and Jackson's (1981) report for
equivalent numbers of random model lineaments (fig. 9). This ‘sugg'ests that the peakedness
of data in this study is not random but results from directional control of lineaments, which
produces IPO values as much as twice as high as those generated randomly. In addition,
although IPO value decreases as sample size increases, this is not a steady decrease
(between 100 and 370 lineaments) like that shown by the raﬁdomly generated "lineaments"
of Dix and Jackson (1981) (fig. 9; table 4). Apparently, in this study [PO declines as sample
size increases not because random peaks resulting from randomly oriented lineaments are
gradually obscured, but because larger-than-average éeaks become "imbedded" in a matrix
of lineaments with diffe;'ent azimuths. Some of these lineaments comprise the larger-
than-average peaks, and cause IPO values to increase with inereasing number of lineaments
(as from 129 to 146, 168 to 174, and 241 to 253 lineaments; fig.‘ 9; table 4). Lineaments
that do not comprise large péaks cause IPO value to decrease as number of lineameﬁts

increases.
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Values of IPO are rhigher in this

study than in Dix and Jackson's model study (1981) for equivalent numbers of lineaments.
However, in both studies, values of I[PO decrease rapidly as numbers of lineaments increase
to 200, then decrease more slowly for more than 200 lineaments. :
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Table 4. Data for 12 zones and three areas in order of
increasing number of lineaments.
orientation (IPO) decreases discontinuously. No signifieant
decrease in the number of significant 10-degree peaks
accompanies the increase in number of lineaments. See
figure 9 for graph of IPO values. For location of zones see

figure 8.

Basin see figure 13.

Index of preferred

For location of Sabine Uplift and East Texas

Number of Number of
lineaments  IPO significant 10-degree Zone/
(n) value peaks at 99% level Area
98 35.1 2 L
© 129 35.3 3 D
146 38.2 3 K
2149 29.6 2 A
7168 22.8 1 d
174 25.6 2 H
185 23.7 2 G
196 20.7 2 E
229 20.1 1 C
241 18.8 1 F
253 20.4 - 2 |
282 17.2 2 B
368 20.9 3 Sabine Uplift
639 13.9 1 East TexasBasin
12.1 3 Entire area

2,250
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To determine which greater-than-average peaks were significant, a chi-square test
was used to measure the differénce between each peak and the mean F value for each data
set (Siegel, 1956, p. 42—47).‘ Dix and Jackson (1981) concluded that fhe 99-percent
confidence level (p =.01 level) should be used to define geologically meaningful peaks
because none of their sampleé with more than 100 computer-generated "lineaments" had
significant peaks at that level. In this study each of the 12 one-degree-by-one-degree
zones has one or more peaks ,significrsantb at the 99-percent confidence level. In addition,
the number of significant peaks does not decrease as the number of lineaments increases
(fig.. 8; table 4). | For this reason, the 99-percent peaks from all 12 zones (and the thrée
‘larger areas, table 4) are considered valid.-

It should be noted that the ré»n‘doml model set used by Dix and Jackson (1981) was
enlarged by adding more randomly g‘enerat’ed "lineaments" to those that had been
’previously, generated. Thus, theirs Was a "homogeneously random" data set (Martin P. A.
Jackson, personal communication, 1v986). 'By contrast, the increase in the number of
lineaments shown in figure 9 and table 4 is a rank-ordering of 12 independent zones and 3
larger areas. Comparing these with Dix and Jackson's data is difficult because it is not
known whether more or fewer significant peaks would form as a result of inerementally
enlarging the data set in any single zone. bHowever, by comparing data from Zone G, the
Sabine Uplift, and the entire study area (fig. 9; table 4), Dix and Jackson's method of
inecremental enlargement is duplicated. Zone G is in the Sabine Uplift, and both are part of
the entire study area. For these three data sets the number of lineaments increases
steadily whilé the number of significant peaks actually increases from 2 to 3 (table 4). This
result supports the conclusion that the number of signifiéant‘ peaks in this study does not
decrease as the number of lineament‘s increases.

The azimuth and number of significant 10—-degree-wide peaks vary from zone to zone
(fig. 8). The most frequent significant peaks éi'e at 40 degrees and 330 degrees, occurring

four times each. Three peaks with azimuth of 60 degrees exist, and others occur less
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often. The 12 zones can be assembled into groups on the basis of azimuths of significant
peaks. From Zone I in thé southweét to ane D in the northeast extends a group with only
northeast-trending peaks. Zones A, B, and C have north- and northwest-trending peaks. |
The reﬁiaining zones have peaks in both northeast and northwest quadrants (E, H, K, L,
fig. 8). |

These groups do riot corfespond to any known geologic st‘rﬁctures. Because of their
size and arbitrary position, some of the : zones cross boundaries between subregional
structural features. The orientations of lineaments within the boundaries of these
structures are examined in a later section. |

- 'Significant peaks may be composed of many7short lineaments; or-a few long ones, or a -

combination of both. - To describe the composition‘of significant peaks a category of
megalineaments was defined. A ‘r‘negalineament is a single lineament with an F value
greater than‘ the average 10-degree sector on a polar graph. Among the 12 zones there are
23 separate 10-degree-wide sectors with significant peaks (table 5). Eight of these peaks
contain at leést one megalineament. |

Most megalineamenfs make the peak they occupy significant. However, in one zone
(H), the other lineaments in the significant peak are long enough to make it significant
without the megalineament (table 5). In two zones (L and E) the megalineaments are lo’ng
enough to be significant by themselves. Thus, of the 23 significant péaks, 7 are significant
because of the presence of megalineaments, but only 2 peaks would be significant solely on
the basis of megalineaments. Megalineaments détermine, dr at least contribute to, less
than a third of the significant peaks in theb 12 zones. The other significant peaks are
composed of lineaments that are shorter than the average 10-degree sector's length.

The length of megalineaments has no corfelation with the mean sector length of a
zone. Megalineaments are not simply functions of the mean sector length, which is
determined by the number of lineaments in a zone. They can be more than four times

longer than mean sector length (zone L, table 5).
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Vector Sums of Greater-Than-Average Peaks

Although the significant azimuths of lineament orientation data can be determined
using 10-degree-wide sectors, signifieant trends that are split between two adjacent
sectors may be obscured. To avoid this potential .less of important data, ﬁector sums of
greater-than-average peaks are calculabted (Dix and Jackson, 1981). A ‘greater-than—‘
average peak is any sector or group of adjacent sectors with a value of F greater than the
mean.

The vector sum of greater—fhan-average peaks for all data combined and for the 12
subreglonal zones produces peak azimuths ranging from 270 to 80 degrees. For all data'

~eombined there are peaks at 325 degrees, 21 degrees, and 60 degrees azimuth (f1g Tb).

the subregional zones, similar orientations ean beseen (fig. 10). Ten-degree-wide sectors
at 320, 30, and 60 degrees dhave‘ thellargest number of vector sum peaks. The 10-degree-
wide sector most frequently represented among the veector sums is 320 degrees, with five
peaks between 320 and 329 degrees. Sectors at 30 and 60 degrees have four peaks each
(tig. 10). | |

Not all vector sums of greater- than—average peaks are statlstlcally significant,
however. To determine which peaks are significant a chi-square test is applied to each
vector sum peak (fig. 7e). For all data combined, 2 of the 3 peaks are signifieant at the
99-percent confidence lerlel. In the subregional zones, 28 of the 44 peaks are significant at
the 99-percent confidence level (fig. 10). As a further refinement, the chi-square value for
each signifidcant peak is divided by’the_degrees ef freedom (v = k-1, where k equals the
number of 10-degree sectors forming the peak) to yield the YBernshtein accuracy criterion
(H) (Vistelius, 1966; Dix and Jacksoﬁ, 1981). The values for the significant peaks are
plotted using magnitude of the Bernshtein criteri'on and azimuth of the vector sum peak
(figs. Te and 11).

The distribution of Bernshtein values is mostly bimodal. For all data combined, peaks

oceur at 21 degrees and 325 degrees (fig. 7c). Hereafter, these are referred to as the
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Figure 10. Polar graphs of vector sums of greater-than-average peaks of length-welghted
frequency (F) Each graph represents a subregional zone (see fig. 8).
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QA 6113

Figure 11. Polar graphs of 'Berns‘htein accuracy criterion for 12 subregional zones (séé
figs. 8 and 10). : ‘ : ' ' : '
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significant regional northeast and northwest trends. Similar orientations are seen among
the 12 subregional zones (fig. 11)‘. Confidence,‘intervals were calculated for eac‘h regional
peak (Cheeney, 1983, p. 98-106) to quantify this similarity. In the subregional zones, 10
peaks occur in the 99-perqent confidence interval around the regional northwest peak
between 307‘ and 343 degrees. Nine peaks occur in the 99-percent confidence interval
around the regional n;)rtheast peak between 358 and 44 degrees (fig. 11).

These results provide the rationale for the next stage of this study. The geographic
distribution of peak H values does not clearly delineate any subregional geologic structure,
probably because the boundarieé of the 12 subregional zones do not correspond with
boundaries of subregional structures (fig. 1). - However; the.presence of groups of like- . ..
oriented adjacent subregional zones (fig. 11) suggests that subregions of similar lineament
orientation coinciding with geologic structure may exist. The correspondence between
geologic structure and lineament trends is examined by (1) mappingblineament density to
determine whether density follows struectural tfends and (2) analyzing linéament tre‘nds in

areas that coincide with buried geologie structures.
Lineament Density

Lineament density is calculated by measuring lineament length in 100—k,m2 grid cells.
The results, expressed as lineament length/100 km2, are contoured as shown in fi‘gure 12.
High values (>20 km/100 kmz) delineate the boundaries of the East Texas Basin. On the
western and northern sides of the basin the high density values correspond spatially to the
Mexia-Talco Fault Zone at the surface and to the updip limit of the Louann Salt in the
subsurface. On the eastern side the high values overlie the updip limit. of the Woodbine
Formation in the sﬁbsurface, which marks the edge of the Sabine Upliff at depth. Along
the northeastern edge of the basin a series of highs connects the Mexia-Talco Fault Zone
with the subsurface limit of the Woodbine Formation. To the south, high values are offset

from, but adjacent to, the Angelina Flexure. In addition, the high values on the southern,
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Figure 12.  Map of lineament density '(km/100 km2). High values demarcate the Mexia- -
Talco Fault Zone, as well as other structural features. Limit of Woodbine from Ewing (in
preparation). : ‘ ' »
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eastern, and northeastern sides of the basin are concentric to‘or overlie the -outer limit of
Louann salt pillows in the basin, mapped by Jackson (1982, ‘his. fig. 4). By cohnecting these |
density highs;’a boundary can be drawn completely eneircling the East Texas Basin.

The connection between lineaments and structure is less obvious for the eastern and
southern sides of the East Texas Basin than for the Western and northern sides where faults ,
are present at the surface. ‘Movement of sait'or of the Sabine Uplift may have enhanced
lineament development-withont producing surface faults. To determine wh‘etner movement
of the Sabine Uplift could account for the density highsr along the Woodbine limit
separating the upiift from the East’ TeXas Basin, the position of these high values was
compared with the slope of the underlying,uplift' measured on Horizon B (Massive Anhydrite .
or Paluxy Formatmn [fig. 3]) of structure-contour maps of the area by Geomap Co. (1981).
No consistent relationship between slope on the uplift and position of these density highs
was found.

High density values correlate well with some of the other geologic structures in the
area. The South Arkansas and Mt. Enterprlse Fault Zones have high values elther dlrectly
overlying them or slightly offset to one side (fig. 12).

Other high density values on figure 12 are not clearly associated with geologic
structures. Some include straight stfeams parallel to regional dip, formation contacts, or
~ straight scarps, but about half exhibit no geologic control of the lineaments they contain.
Because the mechanies of lineament formation are not completely understood, it is not
surprising that all linearnents rcannet be linke‘d to some underlying feature. However, it is
clear that the lineament density highs afound the East Texas Basin coincide with geologic
features, either in the subsurface (Woodbine limit or limit of salt pillows) or at the surface
(Mexia-Talco Fault Zone)

Stream networks in areas of high lineament density were examined to determine if
they are affected by lithologic boundaries or surface faulting. Most high values of

lineament density along the Mexia-Taleo Fault Zone include streams that are parallel to
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outerop belts or faults (obsequent streams) or perpendicular to these features (consequent
streams). Development of drainage along nonresistant beds and down the slope of tilted
strata is common throughout this fault zone. Although there is almost no one-to-one
correspondence between individual lineaments and mapped faults (as was discussed
previously), linear streams parallel to faults and formation boundaries, evidently controlled
by structure and lithology, have been mapped as lineaments. A similar situation exists at
the Angelina Flexure. Streams ’there have various orientations, but those parallel or
perpendicular to outerop belts appear to have developed on nonresistant outerops or as a
result of regional gulfWard tilting, respectively.
" On the other hand, in some high values of lineament density, there is no evidence of

surface geologic control of drainage. At the South Arkansas and Mt. Enterprise Fault
Zones and along the northeastern boundary of the East Texas Basin, streams mapped as

lineaments have no obvious correlation with surface structure or formation contacts.
Subregional Lineament Orientation

Because high values of lineament density successfully outline the East Texas Basin
and partly define the boundary of the Sabine Uplift, these boundaries were used to
subdivide the study area for analysis of lineament orientation (fig. 13). "The paftial
boundary of the Sabiné Uplift defined by high density values on its western flank was
extended around the uplift along a line of equal slope as measured on the base of the
Massive Anhydrite or of the Paluxy Formation (Geomap Co., 1981). Connecting the density
highs surrounding the East Texas Basin defines its boundary. The empty space between the
basin and the uplift results from the method used to connect high density values. It avoids,
for the most part, dividing lineaments that cross the boundary between the two structures.

Significant peak values of length-weighted frequency (F) were identified for these ,
two subregional areas. The same method described above was used for these data sets.

Each area has a bimodal distribution of sighificant peaks (fig. 14). Both have a northwest
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- Figure 13 ' Boundaries of the East Texas Basin and Sabine Uphft as defined by high values
of lmeament den31ty shown in figure 12.
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peak essentially the same as the regional‘peak at 325 degrees azimuth (fig. 7c). - However,
the northeast peaks (at 6 degrees and 40 degrees) are not the ‘same as the northeast
regional peak (21 degrees), and they are sig‘nificantly' different from one another. This
“difference could be attributed to geologic differences between the two areas.

To investigate this possibility, significant orientations of lineaments aﬁd geologic
features in each area were compared. In the East Texas Basin, the relationship between
lineaments and élongate salt-related structures was analyzed (fig. 15). Using maps of salt
diapirs, salt pillows, and turtle structures from Jackson and Seni (1984a), elongated
structures weré defined as ,those with a maximum axis at least 1.5 times longer than the
axis perpendicular to it. 'Azimuths of the elongate structures were grouped into 10-degree-. -
wide sectors and examined just as the lineament azimuths were. Lineaments in the same
area were excerpted from the regional data and stﬁdied. Vector sums were calculated for
greater-than-average values of F (as described previously), and the Bernshtein accuracy
criterion (H) was determined for each vector surri peak (fig. 16).

Azimuths of H for lineaments (16 degrees) and salt—félated structures (29 degi-ees)
are subparallel, separated by only 13 degrees (fig. 16). The results of a t test (Cheeriey,
1983, p. 98-106) show that the two azimuths ‘are, not statistically different. This similarity
in orientations and the total absence of other significant peaks suggest that the salt
structures and lineaments are caused by similar stress in the rocks.

Although there is a strong correlation between the orientation of salt-related
structures and surface lineaments, no consistent spatial relétidnship exists between them
(fig. 15). Most salt diapirs have no (werlying lineaments, which is partly a function of their
relatively small areal extent. The relat‘ionship between the orientations of elongate axes
of most structurés and those of overlying lineaments appears to be random. In addition, no
systematic offset exists between lineaments and elongate structures. Apparently the
lineaments formed indépendently of the elongate salt structures, but may have been

produced by the same basinwide stress regime.
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Figure 15. Map of lineaments and salt-related structures in the salt structure province of
the East Texas Basin.
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Figure 16. Polar graph of Bernshtein accuracy criterion for lineaments and elongate salt-
related structures in the East Texas Basin. The azimuths are not significantly different.
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 To explain lineament azimuths over .the Sabine 'Uplift,‘resﬁlts ffom this study were
compared with those obtained in a study of experimental models of faults produced by
doming (Withjack and Séheiner, 1982). An important assumption involved in ‘this
comparison is that lineaments over the Sabine Uplift formed as a result of stress analogous
to that which caused faulting in the experimental model. Two models were relevant to the
current study: (1) doming and (2) doming with extension. These were appliéable to the
Sabine Uplift for the following reasons: (1) The Sabine Uplift has risen episodically since
the early Cretaceous (Carléon, 1984). (2) The uplift is in the tensionél Gulf Coastal stress
province (Zoback and Zoback, 1980, their fig. 5).  Because the uplift has undergone periods
of ‘quiescence and doming over long periods of time, the relative magnifude of vertical and ‘:
horizontal stresses duve to uplift and extension have probably changed during these times.
Similarly, in their experiments, Withjack and Scheiner (1‘982, their table 1) ‘varied the ratio
of extension to uplift from 0.0 to 1.7. At a ratio of 0.0 no extension was applied, and at a
ratio of 1.7, the rate of extension was 1.7 times greater than the rate of uplift.

Model faults that resulted from uplift alone were not randomly oriented. Instead,
they had a prominent northwest azimuth (in terms of the local, arbitrary orientation of the
model) (fig. 17a). This result was not discussed by Withjack and Scheiner. It may have
been the result of some aniéotropy in the clay‘cake or the rubber sheets used in the
experimental apparatus. It is tempting to draw an analogy between this anisotropy and
those in clastie/rocks (due to facies chan‘ges, fracturing, and/or uneven compaction) that
may influence lineament development.

When extension was applied simultaneously with doming, the model results were
radically altered. As much as 64 percent of all faults were perpendicular (X 10 degrees) to
'the applied extension direction (fig. 17b). Few faults formed at the same orientation as
those in the model of uplift alone.

Neither one of these models, by itself, adequately describes the lineament trends

over the Sabine Uplift, but by combining the two the result obtained is very similar to
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those observed in the present study. The combined polar graphs for both experimental
models are bimodal (fig. 17¢). Azimuths of Bernshtein accuracy criterion for lineaments
over the Sabine Uplift are also bimodal (fig. 14b). This similarity is not in-itself
significant, but it suggests that the lineaments may be the products of two different stress
regimes: one dominated by extensional stress and one dominated by uplift. ‘As stated
previously, these two regimes prebably have alternated during episodic domihg‘ since the |
Cretaceous. |

Regional extensional stress of the Sabine Uplift is perbendicular to the continental
margin (Zoback and 'Zdback; 1980), Which‘ has an azimuth of about 350 degrees along the
upber Texas Gulf ‘Coast. According to the Withjack and Scheiner (1982) model, faults ..
shouid form perpendicular to the extensional vstress direction, in this case at an azimuth of
about 80 degrees. However, no significant lineament peaks have this azimuth. Instead,
lineament peaks occur over the uplift at 326 degrees and 40 degrees azimuth.

Two irnpor';ant factors may be affecting the formation of liheaments over the Sabine
ﬁplif’c that are not taken into account by the models proposed by Withjack and Scheiner
(1982). First, the model dome is hemispherical, whereas the Sabine Uplift is flat-topped
and "broken by numerous structural anomalies" (Murray, 1948, p. 146). These structural
anomalies may exert local directional control on the orientation of lineaments formingA at
the surface. Second, the Sabine Uplift may be affected by stress regimes in adjacent
areas. For example, Fisk (1944, his fig. 6) mapped fault zones next to the eastern edge of
the uplift with_azimuthe of 47 degrees, 52 degrees, and 317 degrees. He attributed
alignment of tributaries and parallelism of drainage lines in the Mississippi alluvial valley
to control by these and other regional structures. The similarity between these fault
orientations add peak lineament azimuths (40 degrees and 326 degrees) suggests that
lineaments over the uplift may result from similarly oriented stresses.

The lineament azimuth peak at 326 degrees may be analogous to the azimuth peak for

faults that formed in Withjack and Scheiner's (1982) model for uplift alone. That is, the
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lineaments may be the result of some ’anisptropy in fhe rocks. Because this orientation
oceurs ‘as part of the regional data (fig. : 7k¢) and in the East Texas Basin (fig. 14a), the
. proposed anisotropy must be a regional feature aé well.

One »candidate'fo‘r this anisotropy is unmapped transfer (transform) faults. Generally,
trénsfer faﬁlts form in extensional basins at‘ high angles to extensional normal faults
(theridge and others, 1985). Théy accommodate extension by transferr‘ing' movement
between sets of normal faults. In the study area transfer faults may have formed
approximately at right angles to the northeast trend of normal faults (Mexia-Talco, Soufh

Arkansas, Rodessa, and Elkhart-Mt. Enterprise Fault Zones, fig. 1).

DISCUSSION
Relationship Between Lineaments and Stress Regime

Previous studies have shown that lineaments can overlie basement. structures with
similar azimuths (Frost, 1977) and that lineament zones can correspond to regional
structufal patterns (Caran and othefs, 1981). Thus fér, this sfudy has éhown that azimuths
of lineaments and elongated salt-related structures in the East Texas Basin are nearly
: parallel; In addition, zones of ‘high lineament density generally correspond with struetural
features. |

The mechanism that produces linear surficial features parallel to deeply buried
structures is not completely understood. Berger (1982, p. 580) listed four processes by
which a buried structure could indirectly influence surface conditions:

(1) Differential loading of sediments;

(2) Renewed or continued movement 6f buried structures;

(3) Differential compaction of sediments; and

(4) Disrﬁptions of near-surface grohnd-watei' flow. The first three mechanisms are

most likely to have affected formation of lineaments detected in this study. The humid
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‘ cvlimate in ‘the ‘study area probably masks lineaments that form owing to 'disruption of
ground-water flow.

Regardless of the mechanism affecting surface conditions, Berger (1982) reported
thgt most lineaments he observed on Landsat data were caused by zones of closely spaced
fractures. Surface fractures form in response to stresses in near-surface rocks, which may
be different from those in the deep éubsurface. Haimson (1978, 1979), Zoback and others
(1980), and ‘Zoback and Zoback (1980) observed shallow, horizontal stressés (less than 100 m
[330 ft] deep) quite different from deeper stresses at the same site. They aftributed these
differences ‘tb the effects of local topog’raphy; weathering, and erosion. Zoback and
Zoback (1980) conecluded that iocal fractures a‘nd‘ joints can disconnect surface rocks frdm :
the tectonic stress field. On the other hand, Tullis (1981) observed that near-surface
hdrizontal stress directions are likely to  be ‘similar to those at depth if enough
measurements are taken to allow an average over local variations induced by individual
nearby fractures. |

Similarly, measurement of lineaments over a large area may cancel the random |
effects of local topography and réveal patterns that are representative of more dé‘eply
seated stresSe_s. These linear patterns may be the result of stresses in the rock inherited
from a_previous'period of deeper burial. When the rocks are exposed at the surface,‘ these
stresses are relaxed and the rocks fracture. For example, Bannister (1980) concluded that
the joint pattern in outerops he studied was the result of previous stress-strain fracture
patterns that, upon exposure to the» 'atmosbhere, weathered into joint planes. Lineaments
in this study may have a similar origin.

Whether lineaments in the study area are caused by fracturing is not known.
~ However, the parallelism between lineaments and elongated salt structures in the East
Texas Basin suggests that subsurface stresses exert significant control on the develoément
of surface lineaments. Similar results have been derived from well data and lineament

orientations for the entire study area, as deseribed in the following section.
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Stress in Study ‘Area

Gough and Bell (1982) éummarized data on thév stress regimé, for East Texas and
northwest Louisiana. Citing the presence of extensional normal faults in the East Texas
Basin and‘growth faults to the south, they concluded that the area south of the Mexia-
Taleo Féult Zone is a tensional tectonie province, one in which the maximum prinecipal
stress is approximately vertical and the minirﬁufn principal stress is horizontal and
approximat‘ely perpendicular to the traces of extensional faults.

According to the McKenzie (1978) 'model of basin formation, the subsidence that
formed the Gulf of Mexico was driven by stretehing of the lithosphere and was enhanced by
sedimenf loading of the basin. - Other authors (Zoback and Zoback, 1980) have concluded
that present-day stress- in the Gulf Coastal 'sfress provinee probably is the result of
sediment loading and is not a function of stress in the bedrock underlying Gulf Coast
sediments, which remains unknown. -Jackson (19825 studied seismic data and concluded that
all princip‘él fault systems of the East Texas Basin formed by processes associated with
differential gravity sliding of cover over the Louann Salt (fig. 3). Although data from the
Elkhart-Mt. Enterprise fault zone were scarce, he found no evidence to suggest that fault
zones formed by marginal flexure of the basin.

‘Data from 50 wells scattered throughout East Texas (fig; 18) provide important
additional information about regional stress directions. Brown and others (1980) measured
the azimuths of breakouts (wellbore elongationé) in the Schuler Formation ét depths below
about 2,800 m (9,200 ft). Mean breakout azimuth for each well is shown in figure 18.
Based on the ofientations of vertical hydraulic fractures (east-west) and recently active
normal faults (northeast—sou;c‘hwest) in the area, Gough and Bell (1982) concluded that the
northwest to north-northwest orientations of these b:eakout azimuths were approximately

parallel to the least principal stress. According to their interpretation, the breakouts
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Figure 18. Map of breakouts in wells in the Schuler Formation, East Texas. Mean azimuth
of all breakouts in 50 wells is 325 degrees. This is exactly the same as the significant
northwest regional azimuth for lineament data in the study area (fig. 7C). Well data from
Brown and others (1980), cited in Gough and Bell (1982, their fig. 7). Data for horizontal
stresses from well near Texas-Louisiana border are from Strubhar and others (1975) »
Maximum horizontal stress measured in well is oriented east-west.
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formed by spalling of the borehole in a direction parallel to the minimum compressive
stress.

The similarity in orientations of lineaments from the present study and from
breakouts suggests‘ that the regional s_tresé regime in this area is exerting a significant
control on lineament formation. The mean azimuth of all breakouts, 325 degrees (Gough
and Bell, 1982), is identical to the significant northwest regional peak for all lineaments, as
well as for just those in the East Texas Basin (figs. 7c and 14a); Furthermore, the
northwest azimuth peak for the Sabine Uplift, 326 degrees, is virtually identical (fig. 14b).

A problem arises when trying to‘explain why lineémeﬁts, if they are formed by
fracturing, would form parallel to the least compressive stress, whereas tensional fractures
form perpendicular to the same ‘stress. One possible explanation depends on the preSence
of transfer faulfs, as discussed previéusly. Generally, these faults form perpendicular to
‘normal faults. In the study area they would be perpendicular to the major mapped faultv
zones (fig. 1). Because most lineaments éfe stream"network features (fig. 6; table 2), this
theory requires that streams selectively erode along the traces of transfer faults. This
may be true near mapped fault zones, where consequent streams flow down the slope of
tilted strata, but the role of transfer faulting elsewhere remains untested and unproven.
The process by Whieh deeply buried transform faults might affect lineament formation is
not known, but differential loading and/or compaction of sediments across faults may be
important. |

Nevertheless, hydraulic fractures normally propagate parallel to the maximum
horizontal compressive stress, opening against the minimum compressive stress. If Gough
and Bell (1982) are correct in their analysis of wellbore elongations, hydraulie fractures in
the Schhler Formation should propagate from east-northeast to northeast throughout the
area covered by the wells shown in figure 18. Furthermore, if lineaments form as a result
of regional stresses, they may be useful predictors of fracture propagation direction where

wellbore data are lacking.

. | |




CONCLUSIONS

Remote sensing of lineaments has been used to study geologic structure on a regional
scale. Although one-to-one correspondence between lineaments and mapped faults occurs
only rarely, spatial correspondence between most high values of lineament density and
major tectonic features is consistently close. Vector sums of length-weighted frequency of |
lineaments produce bimodal azimuth peaks for the study area as a whole, in addition to the |
East Texas Basin and the Sabine Uplift. The northwest azimuth peak is essentially
identical for all three data sets, but the northeast peaks are not. The northeast peak in the |
salt ‘structure province of the East Texas Basin is parallel to the peak azimuth for
elongated salt-related structures. The northeast peak over the Sabine Uplift is not parallel |
to any known geologic structure. The northwest lineament peaks are all parallel to the
mean azimuth of borehole elongations in wells located throughout East Texas. These |
elongations are attributed to spalling of the boreholes and interpreted to be parallel to the |
minimum horizontal compressive stress in the area. Hydraulically generated fractures
should propagate perpendicular to the minimum ecompressive stress and, consequently,é

perpendicular to the northwest peak azimuth of lineaments in this study.
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MESOZOIC AND CENOZOIC STRUCTURAL HISTORY

OF THE SABINE UPLIFT AREA, EAST TEXAS
Mary L. W. Jackson

ABSTRACT

Identification of the timing, extent, and orientation of arching episodes in the Sabine
Uplift area is important in providing a regional structural framework within which detailed
stress and fracture studies of the Travis Peak Formation can be conducted. In this study,
estimation of movement on the Sabine Uplift was made from isopach maps, using six units
in the Lower Cretaceous interval between the Sligo Formation and the base of the Austin
Group. The isopach maps, based on 811 logs, show that the Sabine Uplift was part of a
large basinal area during the Late Jurassic and Early Cretaceous. The Sabine Uplift does
not appear to have been a large Jurassic horst that remained in a structurally high position
through the Cretaceous and Tertiary, as it is commonly shown in the literature. Timing,
orientation, and magnitude of arching episodes on the uplift in the Mid-Cretaceous and
Early Tertiary indicate that the Sabine Uplift may have been produced by northeast-

directed tectonic events related to orogenic activity in the Mexican Cordillera.

INTRODUCTION

Investigation of the Travis Peak Formation by researchers at the Bureau of Economic
Geology (BEG) is a part of geologic and engineering research on low-permeability gas
sandstones that has been supported by the Gas Research Institute (GRI) since 1982. In a
recent BEG report, Finley (1984) estimated the maximum recoverable gas-in-place in the

Travis Peak Formation in the area of the Sabine Uplift at 13.8 to 17.3 Tef, assuming 12 to

15 percent ultimate reservoir production. Other BEG reports concern the sand-body
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geometry‘and diagenetic histo;'y. of the Travis Peak Formation (Dutton, 1985; Saucier,
1985; Fraéésso and otﬁers, 1986). = Reservoir engineering aspects of the Travis Peak
Formation were examined by Lin (1985). Ongoing BEG studies of the Travis Peak
Formation include construction of burial history curves for estimation of the timing of
diagenesis, énd natural fr‘acture distribution and in situ stress analysis.

This report is a subsurface study fbcuéed on the timing, extent, and orientation of
uplifts that produced deformation of the Travis Peak Formation in the area of the Sabine
Uplift. An understanding of the stress history and current states of stress in the Travis
Peak is impoftant to optimization of the hydraulie fracturing necessary for gas extraction
in low-permeability gas reservoirs. Th‘is study provides a structural history of the Sabine -
Uplift area as a framework within which detailed stress and fracture studies of the Travis
Peak Formation can be conduected. V‘In addition, knowledge of regional struéture can assist
in identification of possible hydrdcarbon source rocks and paths of hydrocarbon migration

for' the Travis Peak Formation;

'PREVIOUS WORK

Early studies of stratigraphic intervals in the Sabine Uplift area were done by Powers
(1920), Huntley (1923), Moody (1931), and Murray (1948) in Tertiary and Upper Cretaceous
intervals. Studies of déeper intervals were undertaken by Bornhauser (1958), Halbouty and
Halbouty (1982), and many other authors (table 6). The most comprehensive study of the
Sabine Uplift to date was done by Granata (1963) and includes isopach maps of 10 intervals
from -the Upper dJurassic Cotton Valley Group to the Upper Cretaceous Navarro Group.

Some published Sabine Uplift studies contain stratigraphic and structural interpre-
tations based on shallow or limited'data. The lérge data base used in this study allows

improved interpretations not possible in earlier studies.
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Table 6. -Selected subsurface studies that include the area
of the Sabine Uplift.

TERTIARY

Waters and others, 1955
Murray and Thomas, 1945
Kaiser and others, 1986

UPPER CRETACEOUS

Granata, 19463

Halbouty and Halbouty, 1982
Waters and others, 1955
Stehli and others, 1972
~Nichols, 1964

Oliver, 1971

LOWER CRETACEOUS

Saucier, 1985

Granata, 1963

Halbouty and Halbouty, 1982
Waters and others, 1955
Caughey, 1977

Forgotson, 1956

Pittman, 1985

Nichols, 1964

Bushaw, 1968

JURASSIC
Waters and others, 1955

Nichols, 1964
Dickinson, 1968
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METHODOLOGY

The study area is located in East Texas and Louisiana (fig. 19), encompassing the
'region generally known as the Sabine Upiift. Over 810 elecfric ahd induction-electrie logs,
of which more than 97 percent penentrate the complete section mapped, were used for this
project (fig. 20). A ‘eross—section network constructed fbr correlation purposes includes 16
cross sections in Texas and 8 in Louisiana. The cross sections and the logs are available on
open file at the BEG. Cross éections in this study were correlated to the East Texas Basin
cross-section network (Wood and Guevara, 1981a).

G Estimation of the timing and orientation of movement on the Sabine Uplift was made
frkom isopach maps. Suclri maips are interpreted on the assumption that the thickness of
-sediment accumulation within a ‘certain time interval reflects facies changes and structural
movement during that interval. Stratigraphic time lines necessary for making isopach
maps in the study area are best approximated by Cretaceous limestones.

Six units in the Lower Cretaceous interval'between the Sligo Formation and the base
of the Austin Group (fig. 21) were mapped. Each of the stratigraphic markers used to
define the units can be‘ idéritified by a distinctive electric log signature across most or-all
of the study area (figs. 22, 23). The markers used are (1) base of the Massive Anhydrite,
‘(2) top of the .Glen Rose Formation, (3) base of} the Fredericksburg Group (base of the
Goodland limestone), (4) base of the Washita Group (base of the Duck Creek limestone), and
(5) base of the Austin Group (base of the Ector Chalk). Saucier (1985) included the Sligo
Formation in his maps of the Travis Peak Formation, and his top of Sligo marker was used
in this study. In the eastern part of the Sabine Uplift area, the Woodbine Group occurs
between the Atistin and Washita Groups, and the base of the Woodbine was used as the

upper contact for the Washita Group interval (fig. 22).
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The isopach intervals mapped in this _report are actually isochore intervals; unit
thicknesses have not been adjuéted for structural dip. Because structural dip in the study
area is low, the difference between true isopach maps and isochore maps is insignificant.

A palinspastic map was coﬁstructed on the base of the Masive Anhydrite to determine
the extent of pre-'Aust’ifn Group uplift in the study‘ area. This type of map excludes
structural deformation that occurred after deposition of the horizon chosen for a datum, in
this case the base of the Austin Group; the map shows only the structural attitude that was
preéent before the Austin Group was deposited.  Vitrinite reflectance data were also used

in determining depth of sediment burial.

GEOLOGIC SETTING

The Sabine Uplift lies on the Texas-Louisiana border and can be defined by the Wilcox
outcrop (fig. 19). The uplift is about 169 km (105 mi) long in the north-northeast direction
(longest axis) and about 182 kﬁl (113 mi) wide. It is bounded on the west by the East Texas
Salf_ Basin and on the northeast by the North Louisiana Salt Basin. A smaller basin that
bridges the two salt basins forms the northern boundary of tt}e Sabine Uplift. On the south
the uplift merges into the Angelina-Caldwell Flexure Zone.

Major fault zones in the area are the Mexia—Taléo, which bounds the East Texas Salt
Basin on the updip west side, and the east-west-trending Mt. Enterprise Fault Zone, which
lies to the southwest of the Sabine Uplift. Both of these fault zones are interpreted to be
caused by gravitational sliding over the structurally weak Louann Salt (Jackson, 1982). The
Rodessa Fault Zone forms én éast—northeast—trending graben that cuts the northern edge of
the Sabine Uplift.

The Sabine Uplift is underlain by Triassie, Jurassie, Cretaceous, and Tertiary |
sediments (fig. 24). Lower Cretaceous rocks dip gently toward the East Texas Basin and

more steeply on the flanks of salt pillows and domes in Louisiana (fig. 25). A major
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Figure 25. Structure map of the base of the Massive Anhydrite, Sabine Uplift area.
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erosional uncbnformity overlies these, and Upper Cretacous and Terfiary rocks dip even
more gently toward the East Texas Basin (fig. 26). Lower Eocene (Wilecox) strata form
most of the outerop on the Sabine Uplift today (fig. 19). Nomenclature for some
stratigraphic units differs between Texas and Louisiana; in this report Texas nomenclature

will be used.

‘ DEPOSITIONAL HISTORY OF MESOZOIC AND CENOZOIC SEDIMENTS
Jurassic Depositional History

The first episode of Mesozoic deposition in the Sabine Uplift area began when
tectonic rifting formed grabens into which Eagle Mills fan deltas were deposited (Jackson
and Seni, 1984b). The extent of thé Eagle iMills Forma'gion is difficult to estimate because
it is thin and deeply buried. Eagle Mills well penefrations are mostly in updip areas
adjacent to the Quachita front (fig. 19).: No Triassic continental deposits have been drilled
in northern Caddo Parish, ‘but the Eagle Mills Formation has been penetrated in Gregg,
Harrison,‘ and Marion Counties. Thicknesses of the Eagle Mills greater than 300 m (1,000
ft) are present in north-central Louisiana (Hazzard ‘and others, 1945b).

A depositional hiatus existed during the Early Jurassic. The Werner Anhydrite and
overlying Louann Salt, which covered a large area of the widening Gulf of Mexico, were
deposited in the Mid- to Late Jurassie. Original salt thickness may have reached 760 m
(2,500 ft) or more in the central part of the East Texas Basin (Jackson and Seni, 1983) but
was probably no greater than 600 m (2,000 ft) over the Sabine Uplift, based on the absence
of large salt structures there. L‘ate Jurassic deposits include about 30 m (100 ft) of”
Norphlet clasties overlain by relatively thin mud and carbonate deposits, the Smackover
and Buckner Formations and the Gilmer Limestone of the Louark Group (Jackson and Seni,
1984b). Final thickness of Louark Group depoys‘,its reached about 460 m (1,500 ft) over the

Sabine Uplift.
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Near the end of Jurassic time a thick clastic wedge, the Cotton Valley Group, was
deposited as a delta system in the northern parts of the East Texas and North Louisiana
Basins; equivalent inner shelf deposits extended into the central parts of the basins and
across the Sabine Uplift area (Anderson, 1979). Erosion of Cotton Valley sediments took
place in updip areas before and perhaps during progradation of the younger Travis Peak
Formation, but evidence of a Cotton Valley/Travis Peak unconformity in the East Texas
Basin, over the Sabine Uplift, or in the North Louisiana Basin is unsubstantiated (Johnson,

1958; Saucier, 1985).
Lower Cretaceous Depositional History

Saucier (1985) interpreted the Travis Peak Formation as abfluvial—deltaic depositional
system. Major depocenters trend southeast in the eastern East Texas Basin and southwest
in northeastern Louisiana. Marine shelf muds were deposited in the North Louisiana Basin.
Saucier's (1985) highly interpretive map of the Travis Peak - Sligo isopach interval (fig. 27)
shows gradual thickening from northwest to southeast across East Texas, away from the
northwest source direction. A major feature of this map is the Gibsland salt withdrawal
basin in north-central Louisiana.

In this study, the lowest isopach interval mapped was the Pine Island, James, and
Rodessa interval (fig. 28), which shows gradual thickening to t‘he east and to the southeast.
McFarlan's (1977) two regional cross sections, crossing the East Texas Basin and the North
Louisiana Basin from north to south (fig. 29), indicate a facies change in the James and
Rodessa interval from outer shelf (skeletal, oolitic, and pelletal limestone) in the East
Texas Basin to middle and inner shelf (micritic skeletal, oolitie, and pelletal limestone and
shale) in the North Louisiana Basin. Eastward thickening may therefore be caused by more
rapid subsidence in the North Louisiana Basin than in Texas. Irregular contours on figure
28 that occur in the southwest corner, in Panola County, and in Bossier Parish can probably

be attributed to early growth of salt structures (see section on salt structures).
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The Massive Anhydrite and upper Glen Rose isopach map (fig'. 30) shows the same
gradual thickening to the east as the lower Glen Rose units (fig. 28). Dome-shaped
features in Caddo and Bossier Parishes are interpreted to be salt structures, as are the
areas of thin sediments over the northeastern corner of Panola County and in southwest
De Soto Parish. Thinning along the southern margin of the study area is due to reef
formation at the Cretaceous shelf edge, a condition that persisted during deposition of
much of the Lower Cretaceous (Siemers, 1978). Detailed facies maps by Pittman (1985)
show substantial thinning of the Massive Anhydrite in this area as it merged into the Glen
Rose reef. Upper Glen Rose deposits in East ‘Texas and Louisiana are middle and outer
shelf carbonates, merging into prodelta facies in north-central Louisiana (McFarlan, 1977)
(fig. 29).

The isopaéh map of the Paluxy Formation (fig. 31) shows that the formation thickens
to the east until it reaches the downdip limit of the subecrop, east of which erdsion of the
Paluxy has resulted in thinning and absence of the unit. A slight thickening of the Paluxy
Formation may be observed toward the northwest, near the source area (Caughey, 1977).
The Paluxy unit is only recognized as a formation in sandstone and shale facies in and north
of Smith, Rusk, and Panola Counties and in Caddo Parish. South of this region facies
equivalents are shales, marls, and limestones of the Walnut Formation shelf deposits
(Caughey, 1977; McFarlan, 1977). Thinning in Cherokee and Upshur County is caused by
salt structures. These counties are in the low- and intermediate-amplitude salt pillow
provinces of Seni and Jackson (1984). Also notice that the contour interval used on this
map is half that used on figures 28 and 30; the Paluxy has a nearly uniform thickness across
the study area.

In northwestern Louisiana the Tuscaloosa sand overlies both the Paluxy and upper
Glen Rose Formations in erosional contact. Sands in both the Paluxy and upper Glen Rose
Formations and the complexity of salt structures in Caddo and Bossier Parishes make the

Tuscaloosa sand in these parishes difficult to map using electric logs. Therefore,
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Tuscaloo‘sa—equivalent strata were grouped with the underlying formation, either Paluxy or
upper Glen Rose. |

The Fredericksburg intefval, composed of outer and middle carbonate shelf deposits
(McFarian, 1977) (fig. 29), thickens gfadually to the southeast into Panola County (fig. 32).

Similar to trends on the Paluxy map (f»ig. 31), the Fredericksburg Group thickéns to the
downdip limit of the suberop and then thins eastward because of erosion.

The erosional remnénts of the Washita Grbup outer and middle carbonate shelf
deposits (MeFarlan, 1977) (fig. 29) thicken westward away‘ from the Sabine Uplift (fig. 33).
Only on the eastefn edge of the East'Texas Basin is akc<r)mp1ete thickness of the Washita
Group presenf, and here the unit thickens 60 m (200 ft) from south to north, in the opposite
direction from the trends of underlying intervals.‘ Salt-cored uplifts near the Cherokee-
Nacogdoches County boundary .and in central Rusk County are evident, and thinning to the

northwest in Upshur County is also caused by salt mobilization (Seni and Jackson, 1984).
Basal Upper Cretaceous Depositional History

The basal Upper Cretaceous Woodbine Group was mapped in detail by Oliver (1971)
and was interpreted as a hig‘h—destructive delta system, derived from the northeast, that
prograded into the East Texas Basin. The thickest part of the Woodbine reaches 120 m
(400 ft) in Smith and adjécent Henderson Counties (Oliver, 1971). Time-equivalent strata
on the eastern side of the Sabiﬁe Uplift are Tuscaloosa sands (Forgotson, 1958), extending
aéross north-central Louisiana at an average thickness of 60 m (200 ft) (Hazzard and
others, 1945a). The Tuscaloosa Group thickens basinward into central Louisiana and
Mississippi to more than 300 m (1,000 ft) ‘(H‘azﬂzard and others, 1945a). South and east of
Cherokee County, in the East Texas Basin, the Woodbine sand facies merges into a prodelta
unit designated the Pepper Shale (Oliver, 1971). »This unit extends eastward and is the

downdip facies equiValent of the Tuscaloosa Group in Louisiana (Anderson, 1979).
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The Woodbine Group suberops along the eastern edge of the Sabine Uplift, beginning
at the downdip limit of the Washita Group suberop (fig. 33), and extends to the west side of
the East Texas Basin, where it outcrops. The lower contact of Woodbine and Tuscaloosa
sands is unconformable in northern Texas and Louisiana. South of the East Texas Basin, in
Tyler County, the Woodbine interval is conformable to the underlying Washita Group and to
the overlying Eagle Ford (Siemers, 1978).

The marine Eagle Ford Group lies above the Woodbine (fig. 24). This unit is less than
30 m (100 ft) thick in the study area (fig. 34) and extends across northern Louisiana with
thicknesses of 30 to 60 m (100 to 200 ft) (Hazzard and others, 1945a). The Eagle Ford
reaches 120 m (400 ft) in thickness in the East Texas Basin (Oliver, 1971). Eagle Ford
sediments represent shelf deposits that formed as the East Texas Basin subsided (relative
to sea level) following Woodbine deposition.

The Eagle Ford Group is conformable with the Woodbine Group in the central East
Texas Basin and pinches out against Woodbine sediments on the east side of the Sabine
Uplift (Gussow, 1973). In contrast, the Eagle Ford overlaps both Woodbine and older Buda
sediments on the west edge of the East Texas Basin (Stephenson, 1927) and Tuscaloosa sand
on the west edge of the North Louisiana Basin (Granata, 1963). In south and central Texas
and in Louisiana the Eagle Ford is conformable with the Austin Group (Waters and others,
1955; Anderson, 1979).

A separate Mid-Cretaceous deltaic unit, the Harris Sand, was deposited on the
western flank of the Sabine Uplift. It has been correlated with both Woodbine and Eagle
Ford deposits and may contain eroded Woodbine sediments (Oliver, 1971). Buda, Woodbine,
and Eagle Ford ammonites are closely related, making age determinations difficult; all
three units were once considered to be Cenomanian in age (Sellards and others, 1932).

Nichols (1964) shows truncation of Eagle Ford sediments in the southwestern part of
the East Texas Basin and states that the Eagle Ford was eroded before the Austin was

deposited. If Eagle Ford shales covered Woodbine and Harris sands on the west side of the
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Isopach map of the Eagle Ford Group, Sabine Uplift area.

Figure 34.
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Sabine Uplift, then erosion must have‘removed the Eagle Ford there before Austin

deposition (compare figs. 33 and 34). Nichols' (1964) areas of Eagle Ford truncation may
| coincide with salt vdiapirs, however, many of which héve no Eagle Ford sediments over their
tops _(Jackson and Seni, 1984a). Gussow (1973), apparently basing his observations on
detailéd ele(;tric—log correlations, states that there‘wasvlittle or no erosion of the Eagle
Ford. If this is so, then updip Harris and Woodbine sands were never covered with Eagle

Ford clay, and perhaps not submerged, until deposition of the Ector Chalk began.
Upper Cretaceous and Tertiary Depositional History

G‘ranata'(1963) fnade isopach maps of the Upper Cretaceous carbonate shelf deposits,
comprising the Austin, Tayldr, and Navarro Groups.‘ Granata's mapvof the Austin Group
shows thinning over the area of the Sabine Uplift. The Taylor Group is very uniform in
thickness across the uplift region, but biogenic deposits are abundant over the Sabine Uplift
(Stehli and others, 1972). The Navarro GfOup thickens soureeward to the north, where the
carbonate facies become sandy.

| The Cretaceoﬁs—Tertiary boundary lies above the Kefnp, shale, a few tens of meters

(hundreds of feef) above the Nacatoch Sand and below the Midway Group (Wood and
Guevara, 1981a) (fig. 24). This period of time was marked by worldwide retreat of the seas
(Vail and others, 1977); a break in faunal assémblages exists at the Navarro-Midway
outcrop (Sellards and others, 1932) and a period of subaerial erosion may have occurred in
updip regions before the Midway was deposited (Young, 1972). Midway shales cannot be
distinguished from Navarro Group shales on an electric log, however. Midway strata and
upper Navarrb shales thicken by only tens of meters (hundreds of feet) from Rusk County
into the East Texas Basin (Wood and Guevara, 1981b). The shales were deposited in about
90 m (300 ft) of water (Sellards and others, 1932).

Wilecox continental deposits accumulated over broad regions in Texas and Louisiana

(Fisher and McGowen, 1967; Galloway, 1968). Accurate Wilcox thickness estimates over
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the Sabine Uplift ‘cannot be made because the basal Wileox contaet is gradational and time-
: transgfessive, and the upper contact, where present, is erosional. However, thick (greater
than 2 m [6 ft]). lignite d'eposifs on the south flank of the Sabine Uplift (Kaiser and others,
1986) indicate that major Wilcox‘ fluvial axes bypassed the Sabine Uplift. Therefore,
original Wilecox deposits over the Sabine Uplift may have been thinner than the adjacent
basin deposits.

After a period of erosion, sedimentation continued in the Claiborne with deposition of
the Carrizo Sand in northeast Texas. The Sabine Uplift did‘not receive sediment during
Queen City time (Hobday, 1980), but n“earshore sediments were deposited on its flanks
during W>eches time (Eckel, 1938). Sparse data indicate low sand percentages and strike-
trending sand bodies in late Eocene sediments that lie south of the Sabine Uplift, indicating
low levels of sediment input across ‘the uplift region (Kaiser and others, 1980).
Depositional rates continued at low vlevels in the area until denudation began in the Late

Tertiary.

MESOZOIC AND CENOZOIC STRUCTURAL HISTORY
Late Jurassic and Early Cretaceous Events

Initial rifting of fhe quf of Mexico formed a shallow evaporite basin (180-155 mya)
(fig. 35), which subsided slowly through the early Late Jurassic. The Sabine Uplift area
re_ceived thinner Louann and Louark deposits than surrounding areas. Late Jurassiec Cotton
Valley deltas initiated rapid subsidence of the Sabine Uplift area, and this depostional style
was continued during the deposition of the Travis Peak. Maximum rates of salt diapirism

oceurred during this time. Basin configuration revealed by Cotton Valley and Travis Peak

was not a struetural high during this time, but was a site for lower delta-plain deposition.

Regional slope of the basin floor from the East Texas Basin across the Sabine Uplift area
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- and still deeper into the North Louisiana Basin persisted during late Early Cretaceous
;car.bonate a"nd minor clastic‘ deposition (Glen Rose Formation, Paluxy Formation, and
Fredericksburg Group). This can be seen by comparison of figures 28 (lower Glen Rose) and
30 (upper Glen Rose) wifh fig‘uré 36 (Glen Roée) and comparison of figure 31 (Paluxy) with
the stratigraphically equivalent figure 37. The eastward deepening is also shown by the
greater thickness of sediment present in the North Louisiana Basin Vthan in the East Texas
Basin (fig. 29). Thickening of Glen Rose, Paluxy, and Ffedericksburg ‘sediments occurred
regionally from the Mexia-Talco fault zone area in the north and west to the North

Louisiana Basin in the south and east.
Arching at the End of the Early Cretaceous

A broad arcﬁ formed at the end of the Early Crétac-eous (fig. 35), uplifting sediments
in an elongate region extending from the Sabine Uplift ai'ea to northeast Louisiana. The
highest part of this structure was af the Monroe Uplift‘ (fig. 27). The complete sequence of
Lower Cretaceous sediments was removed in the North Louisiané region, and Cotton Valley
Grouﬁ sediments were exp’osed at the surface (Johnson, 1958). Erosion of approximately
370 m (1,200 ft) of sediment occurred over the Sabine Uplift area, removing the Lower
Cretéceous séquence down to the Gleh Rose (fig. 38) and tilting the remaining strata gently
toward the west. This arching event coincided with a postulated worldwide sea-level drop
(Vail and others, 1977), which marks thé end of Lower Cretaceous depositio}n m East Texas
and Louisiana. At the end of this erosional period, the Sabine Uplift was probébly at or
slightly below sea level (Halbouty and Halbouty, 1982).

A smaller emergent episode (or episodes) occurred following the major pre-Woodbine
upfift and submergence. Many versions of this pkeriod‘ of Cenomanian-Turonian depositional
history have been published (table 7). A possible sequence of events begins with deposition -
of the Woodbine Formation across a bérely submérgent Sabine Uplift. Although the

Woodbine is not present across the area today, Oliver (1971) reported that the uplift area
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Table 7.

Author

References pertaining to mid-Cretaceous erosional history
on the Sabine Uplift.

Unconformities present Timing of erosion of 400 m
(in East Texas Basin or (1,200 ft) of
on Sabine Uplift) Cretaceous sediments

Wb/Cret EF/Wb Aust/EF+ pre-Woodbine other

Anderson, 1979

Bailey and others,
1945

Bornhauser, 1958
Forgotson, 1958
Granata, 1963
Gussow, 1973

Halbouty and
Halbouty, 1982

Hazzard and
others, 1945a

Nichols, 1964

Nichols and
others, 1968

Oliver, 1971
Siemers, 1978
Stephenson, 1927

Waters and others,
1955

* in some areas

yes yes yes X
yes —# - -
- - yes ' after Woodbine
yes -- - X
yes yes yes X
yes no no X
yes no yes X
yes yes yes X
yes yes yes X
yes no yes during & after
Eagle Ford
yes yes - X
%k * * _
yes * yes X
yes no ye X

+ Wb = Woodbine, Cret = Cretaceous, EF = Eagle Ford, Aust = Austin
#--not addressed by authors
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was not a barrier to longshore currents until near the end of Woodbi‘ne deposition. At this
time the Sabine Uplift became subaerially exposed, and the Harris deltas formed on the
wést‘flank.lll't is not known if Eagle Ford deposits extended over the Sabine Uplift, but if
Harris deltas are early Eagle Ford in age, the Eagle Ford sea probably did not cover the
‘uplift until late Turonian time, if at all. A secbnd low-amplitude emergence may have
occurred at the end of Eagle Ford ti‘me, during whi'ch‘ Eagle Ford sediments were eroded
from the west flank of the uplift, exposing Woodbine sediments.

The simultaneous onlapping (east) and offlapping (west) position of the Eagle Ford
Group on the Sabine Uplift ‘implies thét the structural axis o‘f uplift shifted between
Woodbine and Eagle Ford time. Development of Harris deltas in the Eagle Ford-Woodbine
sea (with possible updip erosion of Woodbine-age sediments) on the west'side of the Sabine
Uplift and transgression of the Eagle Ford sea (onlapping the Woodbine) on the east side of
the uplift suggests that the axis of uplift shifted to the west (Granata, 1963; Oliver, 1971).

The time span from the end of Buda deposition to‘the beginning of Woodbine Group
deposition, encompassing the major Mid-Cretaceous arching event, may have lasted only
1 m.y. (fig. 35). The actual amount of uplift and its effect on the underlying sedimehts was
smaller than is apparent from the structure maps.' The palinspastic map constructed on the
base of the Massive Anhydrite shows the structural configuration prior to deposition of the
Austin Group (fig. 39). Steep dips at the Angelina-Caldwell Flexure Zone, produc;ed by
Cenozoic deltaiec sediment loading, did not exist at the end of the Early Cretaceous. Dip
on the palinspastic surface is about 1 m/km (5 ft/mi); the arching was a low-amplitude

movement.
Late Cretaceous and Tertiary Events

Lithofacies and biofacies maps indicate that the Sabine Uplift area was "generally
positive," although submerged, throughout the Late Cretaceous (Stehli and Creath, 1964;

Sfehli and others, 1972). The Angelina—Caldwéll Flexure Zone was also a relatively high
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Figure 39. Palinspastic map on the base of the Massive Anhydrite, Sabine Uplift area.
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‘area at this time (Stehli and others, 1972). The uplift subsided slowly through Midway
deposition and slightly faster during Wilcox time. Subsidence of the Angelina—Caldwéll
Flexure Zone probably began with the advancement of Wilcox deitas, which accumulated to-
hundréds of in'eters (thousands of feet) in thickness in San Augustine and Sabine Counties.

The Sabine Uplift arehed again at the end of Wilcox time (early Eoéene), and the
strata were tilted in all directions away from the creét of the uplift. Up to 600 m
(2,000 ft) of sediment may have been removed frbm thé highest regions of the uplift,
a‘ccording’to vitrinite reflectanée of a lignite sample from a well in southern Panola
County (P. Mukhopadhyay, personal eommunivcation, 1986). The arching episode may
coinecide with a lowstand of sea level that extended east to Gébrgia (Gibson and Bybell,
1981).

The magnitude of deformation caused ‘by the arching event can be measured by
comp;‘:lring the palinspastic map of the base of the Massive Anhydrite with a structural map
of the same horizon (figs. 25 and 39). The magnitude of structural relief produced by the
early Tertiary episode approximately equals the amount produced by the Mid—Crétaceous
episode; present structural dip is almost double the palinspastic rate.

The Sabine Uplift remained a structurally high afea through much of the Eocene. The.
uplift may have been subaerially exposed during deposition of the Queen City Formation
and may have acted as a minor sediment source (Hobday, 19805. It was nearly emergent
during Weches deposition (Eckel, 1938). |

Tertiary sediments hundreds of meters (thousands of feet) thick were deposited in
Shelby, San Augustine, and Sabine‘ Counties and along the Texas and Louisiaﬁa coasts,
resulting in downwarping of the Gulf margin (Murray, 1948). In response to this event,
isostatie rebound took place along the landward edge of/the Gulf of Mexico. This uplift
began in the Mid-Tertiary (Seni ‘and Jackson, 1984) and wés probably responsible for erosion

of any post-Wilcox sediments deposited over the Sabine Uplift.
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SALT-RELATED STRUCTURES ON THE SABINE UPLIFT

Jurassic salt was deposited i‘n two major basins, forming the Louann Salt and the
Challénger Salt (Seni and Jac‘kson,‘ 1984) (fig. 40). The Louann Salt Basin can be divided
into three inland basins, the East Texas, North Louisiana, and Mississippi Salt Basins.
Areas.befween these basins contain compératively thin salt. The Louanh salt basins are
Separated from the Challenger Salt to the south by the Lower Cretaceous reef, which lies

“at the updip edge of the Angelina-Caldwell Flexure Zone.

| Halokinesis, or salt movement, has affected sediments over the Sabine Uplift only
slightly compared with thé effects of the Mid-Cretaceous and early Tertiar{uplifts. Salt
thicker‘ thanbabout 600 m (2,‘000 ft)‘ will form low-amplitude salt pillows, and thiéker salt
will form intermediate-amplitude salt pillows and salt diapirs (Jackson and Seni, 1983).
The original thickness of salt over the Sabine Uplift was not great enough to produce low-
amplitude salt pillows. Based on the ‘absence of large salt structures, therefore, origihall
thickness of salt over the uplift was probably less thaﬁ 600 m (2,000 ft). Halokinesis in the
crestal area of the uplift has, however, produced a number of small salt structures (fig. 41).
Identification of these features was based on structures visible on structure maps of the
intervals studied in this report (figs. 25, 26, 38, 42, and 43). A ring-shaped area of salt
structures, beginning at the Pine Island salt piilow on the north, extends southward aiong a
structural ridge to the Waskom ariticline, .the Bethany anticline, and the Joaquin-
Logansport anticline, and then across into Louisiana to the Spider anticline and the Red
River - Bull Bayou structure. From there the ring is completed aéross the Sligo antieline in
Bossier Parish. It is very likely that these structural features are salt-cored and were
caused by salt movement. The large closed depression in De Soto Parish that is present on
structure maps (figs. 25, 26, 38, and 42) is probably a salt-withdrawal basin.

Sait has been peﬁetrated_in fhe Waskom, Bethany, and Joaquin-Logansport areas, but

values for total thickness of the salt over the Sabine Uplift is not available in the
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Figure 42. Structure map on the top of the Paluxy Formation, Sabine Uplift area.
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Figure 43. Structure map on the top of the Fredericksburg Group, Sabine Uplift area.
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literature. . The Pine Island salt pillow has been drilled through to basement and has a salt
| thickness of 358 m (1,176 ft) (appendix). Salt has also been penetrated in two places in the
Carthage gas field in,v Panola County (fig. 41).  Although the Carthage structure is
extremely low amplitude and larger in areal extent than other salt structures, the ecircular
shape of the structure implieé that it was formed by salt movement.

Salt flowage may have affected the Travis Peak Formation either during or after
Travis Peak deposition, or both. Sediment thinning over a salt structure may be caused by
salt movement during deposition or the presence of a topographic high due to salt
mévement prior to‘deposition. The isopach map of the Sligo-Travis Peak interval (fig. 27)
shows that the Waskom, Bethany, Carthage, and Joaquin-Logansport salt structures
affected Sligo-Travis Peak sedimentation. Growth of these small salt structures probably
started before Travis Peak de‘positi‘on, because salt flowage can begin under relatively low
overburden pressure (Hughes, 1968). Hughes (1968) has shown that salt structure formation
had already begun by the end of Norphlet time in the Mississippi salt basin.

The Pine Island salt pillow did not reach its present size until after the smaller salt
structures in the ring had formed. The isopach map of the Sligo-Travis Peak interval (fig.
27) shows that a high in central Caddo Parish is smaller than and lies to the south of the
present Pine Island pillow. Only a hint exists ‘of the other small salf structures over the
uplift. The isopach map of fhe next highest interval, the lower Glen Rose (fig. 28),. shows
that small salt structures had formed, but no pillow is indicafed at the present Pine Island
structural position. Sediments are thinner over the pillow area than to the south, however.
The isopach map of the upper Glen Rose (fig. 30) shows dramatic tvhinning over the Pine
Island area, but because‘ a full thickness of upper Glen Rose is not present over the area, it
is impossible to tellvho’w much thinning was caused by pillow growth and how much was -
caused by erosion. Maximum growth of the Pine Island salt structure may have oceurred
duringv late Glen Rose time; this was also a time of diapir growth in the North Louisiana

salt basin (Lobao and Pilger, 1985) (fig. 35). The isopach map of the Paluxy Formation
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(fig. 31) does not show influence from salt structures in the study area, indicating that salt
movement on the uplift had probably ceased at that time. Overlying intervals are eroded
in the area of salt structures, so salt movement during Fredericksburg and Washita

intervals (late Early Cretaceous) cannot be determined.

PROPOSED ORIGIN FOR THE SABINE UPLIFT

Examination of the early Mesozoic tectonic history of the Gulf of Mexico is
irnpor_tént in‘ev_aluating theories for the origin of the Sabine Uplift. ‘During the Early
Triassie, South and North America: were joined along the Ouachita Front (fig. 40).
Continent‘al rifting began in the Late Triassic, forming attenuated crust in the Sabine
Uplift area. Eagle Mills red beds were depositéd in the resultant grabens (Salvador and
Green, 1980). Early-stage graben geometry is poorly known but may be reflected in the
distribution of diapiric salt basins, where salt deposits were thickest. Thermal uplift and
erosion in the Early Jurassie (Jackson, 1981) were followed by deposition of Middle Jurassie
Werner Anhydrite, Louann Salt, and Norphlet clasties. The Sabine Uplift was a relative
high during this time, but the presence of salt across the uplift (fig. 41) indicates that_‘its..
surface was level with surrounding areas in the latter part of Louann time. Cotton Valley
and Travis Peak clastics buried the Sabine Uplift area under 1,200 m (4,000 ft) of sediment.
The isopach maps in this study show that the Sabine Uplift was part of a large basinal area
during the Late Jurassic and Early Cretaceous. Thus the Sabine Uplift does not appear to
have been a lérge Jurassic horst that remained in a structurally high position through the
Cretaceous and Tertiary, as is commonly depicted in the literature (Scott and Kidson, 1977;
Buffler and Sawyer, 1985; Pindell, 1985).

Possible mechanisms for uplift in the Sabine area includé differential thermal
subsidence during rifting, differential response to sediment loading due to crusfal inhomo-

-geneities, thermal uplift caused by crustal anomaly (hot-spot activity), incipient rifting, or
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,folding caused by compression. Early adthors,'before the advent of rplate' tectonie theory,
favored e pl\ltonic origin for the uplift (Moody, 1931; Bornhauser, 1958).

Th'ermal subsidence models (Roydﬂen and others, 1980; Nunn and others, 1984) for
passive rift margins like the G,ulf_Coast predict rapid, short-duration subsidence followed
by slow,b];_)rolonged subsidence. The models do not account for the Mid—‘Cretaceous and
Early Tertiary uplift events.  The long ‘axis of the“S‘eb‘ine Upliff is oriented north-south; this
is not easily accolmted for in the eést—northeasﬁoriehted sea—floor spreading - models -
proposed by Salvador and Green (1980), Buffler and Sawyer (1985),‘ and Pindell (1985) for
the opening of the Gulf of Mexico. | 4 |

Timing, orientation, and lnagnitudeiOf Sabine arching indlca’te that‘ the Sabine Uplift
may have been produced by northeast;dil‘ected tectonic events relafed to orogerlic activity
in the southern North "A;-nerican; Cordillera‘ and the ~Sierr;a Madre ‘Oriental in Mexico™
(fig. 40). Orogenic ectivity‘i‘n» the southern North American Cordillera during lhe. Mid-
" Cretaceous is not well .tlnderstoo,d,‘ but it involve’d subduction along Myiddle America and the
southern North ‘American Cordillera (Dickinson, 1981)'. The Late’ Cretaceous - Early
Tertiary Laramide Orogeny (fig. 35) caused uplifts in areas up to 700 km (400 lni) east of
the Sevier f_old—thrust belt (Dijckinson'and Sn&der, ‘1978)' This distance, if measured from
the Sierra Madre Oriental, Would reach to within }160 km (100 mi) of the Sabine Uplift.
Differences ‘in the type of continental CI'l;lSt, brittle in the inland areas and atterluat.ed on
the Gulf mergin, e_ouldv account for differences in structural style of uplifts and allow for

low-amplitude uplifts at'great‘distahces from an orogenic thrust front.

SUMMARY

This study creates a'i‘eg‘ional data base thatlsupports detailed research on the pattern
and timing of fracture propagation in the Travis Peak Formation, from which a stress

history can be derived. Documentation of the uplift history demonstrates that some widely
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- held beliefsbconcerning the struetural history of this regiqn rhay be erroneous. Isopach
maps of Lower Cretaceous intervéls show conclusively that the Sabine Uplift was not a
pos"itive fea_»tureifin the Early Cretaceous but rose substantially, although with low relief,
during the Cenomanian. Ero‘sion of more than 370 m (1,200 ft) of dominantly carbonate

| sediments accompanied the uplift. Following a shift in the axis of uplift, Upper Cretaceous
sediments were deposited during a structurally quiescent period. Tertiary clastic
deposition was interrupted in,th‘e early Eocene by a second broad upwarp that resulted in
erosion of another 370 m (1,200 ft) of sediment. Tertiary deposition resumed, but the
uplift continued to be a positive feature, influencing clastie deposition. Erosion caused by
isostatie rebound began about 40 mya and continues in the area today.

A possible driving force for arching of the Sabine Uplift is orogenie aectivity that
occurred along the southern North American Cordillera and Sierra Madre Oriental during
the early Tertiary and possibly also during the Mid-Cretaceous. Plate collision causing
thrusting and subduction in a nort‘heasterly direction could be resporisible for rejuvenation

of the Sabine Uplift.
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 APPENDIX. Wells that penetrate salt over the Sabine Uplift. -
’ Base salt noted where penetrated. Depths in feet.:

- Map

No. Operator = No. .  Lease T.D. =~ Remarks ’7 * Reference*
1 Ridleyetal. 1 Hardin 12,080  top salt 11,701 -
, (So. Union) :
2 Norton 1 Payne . 11,486 top salt 11,470 AS; H
3  Chevron USA 1 Livingston 12,514  topsalt 11,076 -
— . base salt 11,390
4 Stanolind -~ 131 - Dillon s 11,419 top salt 10,160 H, AN
| LR base salt 11,335 ‘
5 Texaco 1 Gish 10,556 = top salt 10,556 -—-
6 Placid 2 Dunn Unit 1 14,283 top salt 12,470 -~ = AN, V
- base salt 13,440 , :
© 7 Western 1 Stevens 14,316  top salt 11,681 -
‘ : . : : base salt 13,045
8 Fair 1 'Watvers’ 12,255 top salt 11,850 -—
9 Beacon 1 Lloyd 12,620 top salt 12,114 S
10 Ark-LaGas 1 = Waskom Smack- 11,341 top salt 10,999 | —
over Unit : : :
11  Tenneco 1 Adams 11,105 top salt 11,067 H
(Tx.Co.) : .
12 Glassell - 27 Carthage Gas 12,202  top salt 11,232 AS
‘ Unit : _
13  Carthage 2 Unit3 ' © 11,441  topsalt 11,117 ~AS, AN -
(Chicago) (1) (Allison) ‘ base salt 11,315 S
14 - Skelly ~K-2 Werner 11,320 top salt 11,299 A8
15 Skelly 1 ThelmaNash 11,664  topsalt11,652 AN
16 Humble 1  Johnson - 16,884  topsalt 11,920V
” ' N » base salt <13,820
17 Gulf 1 Langston 12,281  topsalt12,163 -—
18 Amerada 1 Strickland 12,533  anhydrite with AN,V
: salt ,
19 Humble 1 Pickering = 12,230  topsalt 12,230 AS, AN

* AN = Anderson, 1979; AS = Andrews, 1960; H = Hazzard and others, 1945b; V= Vernon, 1971
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