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ABSTRACT:

In the East Texas Basin, the Middle Jurassic wakedaby the opening of the
Gulf of Mexico and the deposition of the LouanntSdlhe Louann Salt was deposited in
a restricted marine environment and reached thsdesof approximately 5,000 feet, but
over time, through dissolution and post-deposititradokinesis, the salt dissipated in
many areas leaving a highly variable surface fturkideposition (Maione, 2001). This
surface controlled the distribution of overlyingrations and changed through time with
sediment loading and salt movement.

Since the initial discoveries in the 1930s, the &lpjurassic rocks of the East
Texas Basin and northern Louisiana have produced2® TCF of gas and 900 million
barrels of oil (Ewing, 2001). While there are sav@ublished interpretations of the
depositional environments of the formations of Haest Texas Basin, there are varying
ideas and conflicting models. The purpose of thud\gis to test these published
interpretations by recreating the paleotopograpitydepositional setting of each
formation to demonstrate the impact of salt moveraed its affect on basin
development at each depositional stage.

| will evaluate the interplay between salt movemamd Upper Jurassic deposition
in the East Texas Basin by reconstructing the bésalt on regional (2D) and local (3D)
seismic data across Freestone, Leon, and Houstonies in Texas. The post-salt
formations of interest, in depositional order, gre Cotton Valley Limestone, the
Bossier, and the Cotton Valley sands. The mait @iois work is to better understand
the basin history and influence of salt tectoniegleposition and hydrocarbon potential.

PROJECT: APPROVED AS PROPOSED APPROVED AS MOBIF DISAPPROVED



INTRODUCTION

The East Texas Basin is a north-northeast-trenekgnsional salt basin with
regional dips to the southeast. It covers a |lpageof eastern Texas, and is
approximately 259 square kilometers, as seen urdid. According to Goldhammer and
Johnson (2001), it is part of the eastern Gulf exMo tectono-stratigraphic province,
meaning that during the Middle and Upper Jurasisigas undergoing rifting due to the
opening of the Gulf of Mexico. The tectonic evadatof this area significantly
influenced its unique structures and affected sedtary deposition throughout the
region. The East Texas Basin is bounded to thebgasie Sabine Uplift, while the
Mexia-Talco Fault Zone forms the northern and wesgéglges, and the Angeline Flexure

defines the southern limit.
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Figure 1: Regional and structural setting of the East TexasrB(Montgomery et al.,
1999).



In the East Texas Basin, the Middle Jurassic wakedaby the opening of the
Gulf of Mexico and the deposition of the LouanntSdlhe Louann Salt was deposited in
a restricted marine environment and reached thgdewof approximately 1,524 m, but
over time, through dissolution and post-deposititvadokinesis, the salt dissipated in
many areas leaving a highly variable surface ftureideposition (Maione, 2001). This
surface controlled the distribution of overlyingrations and changed through time with
sediment loading and salt movement.

Since the initial discoveries in the 1930s, the &lpjurassic rocks of the East
Texas Basin and northern Louisiana have prover tmdjor producers of hydrocarbons,
producing over 20 TCF of gas and 900 million baraloil (Ewing, 2001). Today,
researchers are looking to better understand tehgrbon potential by reassessing the
salt tectonics, salt movement, and rifting in tmea. There are several published
interpretations of the depositional environmentthefformations of the East Texas
Basin, but there are varying ideas and conflictmagels, such as whether or not the
Bossier sandstones are shoreline sands or basirfélas and where the shelf edge was
during this time. New 3D seismic surveys and new daga in this area make it possible
to study these formations closer and propose a htlogeprovides a clearer
understanding into the environments of depositareach and the topography at the
time of deposition (Fig. 2). The purpose of thisdstis to use these new data sets to re-
evaluate the paleotopography and depositionahggetti each formation to determine the
impact of the underlying salt on sedimentation émadffect on subsequent basin
development. This study focused on reconstruchiegadp of salt on a northwest to
southeast oriented regional (2D) seismic line acFogestone, Leon, and Houston
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counties in Texas (Fig. 3). By examining the bémsstory and the influence of salt
tectonics on deposition, this study evaluates wiggered salt movement, why the
Cotton Valley Limestone is not laterally continupasd clarifies the Bossier depositional

environment (Fig. 4).
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Figure 2: Oil and gas map of Texas showing oil wells inegrand gas wells in red. The
large blue polygon represents the study area,ghew line is the seismic line that was
restored, and the small bright blue polygon refi&f seismic data that was used
alongside the 2D line. [Modified from Bureau of Bomic Geology, The University of
Texas at Austin, Oil and Gas Map 20B5utexas.edu/geo/geologic_maps.html ]
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Figure 3: Approximate location of seismic line reconstranti
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Figure 4: Stratigraphic column of the East Texas Basin. fHtebox denotes the main
formations of interest. [Modified frordlein and Chaivre (2002)]



PURPOSE OF STUDY

The purpose of this study is to evaluate the idgrpetween salt movement and
Upper Jurassic deposition in the East Texas Ba&p.reconstructing the basin history, |
examined the effects of varying rates of sediméentdbr carbonates and clastics over a
mobile substrate during Cotton Valley Limestones#&er, and Cotton Valley Sandstone
time. Utilizing depositional models in the pubkshliterature as well as seismic and well
data, a 103.8 km long regional 2D seismic line iméeypreted and validated through
restoration (Figs. 2 and 3). This northwest tatlseast line was chosen because it is
oriented perpendicular to the strike of faultst sdlges, and basins, making it a good
candidate for structural restoration. Based osiititerpretation and its restoration, it is
possible to estimate extension, compaction, sediswgply, and timing of subsequent
depositional events. This study compared the fimtakpretation and restoration to the
3D seismic in the area as well as theories alrgathlished by Jackson and Seni (1983),
Ewing (2001), Goldhammer and Johnson (2001), Wiilset al (2001), Klein and
Chaivre (2002), and Adams (2009) in order to helpan the depositional history of the
basin.

A key factor in the area is Upper Jurassic depmsiind its relationship to the
timing of salt movement and structural developménis important to observe how each
of these formations changed during the restoratimrder to determine what triggered
salt movement and if there was more than one pefisdlt mobilization. The post-salt
formations of interest, in depositional order, gnre Cotton Valley Limestone, the
Bossier, and the Cotton Valley Sandstone. Figuts@lays the 2D seismic line that was
reconstructed with these formations of interest.
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Salt tectonics has had a huge impact on the bastioryrand was influenced by
younger deposition and controlled the topographsr evhich subsequent formations
were distributed. The Louann Salt reached thickeesf approximately 1,524 m; but
over time, through dissolution and post-deposititvadokinesis, the salt dissipated in
many areas leaving a highly variable surface ftureideposition (Maione, 2001). This
surface controlled the distribution of the overtyiformations and changed through time
due to sediment loading and salt movement. Pifibwctures, salt rollers, diapirs, and
turtle structures are a few of the elements |effiit that have influenced later deposition
(Fig. 6). Through 2D restoration of this line, st features present were reconstructed

at each depositional stage to better illustratditheng and mechanisms of salt movement

and their influence on the surrounding strata.
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Figure 6: Salt structures present within the East TexasnBdackson and Seni, 1983).
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The Cotton Valley Limestone marks the top of theidudx Group, is synonymous
with the Haynesville and Gilmer Formations, andeigionally underlain by the Buckner,
Smackover, and Norphlet Formations respectivelytffe purposes of this study these
formations will all be considered part of the CatiMalley Limestone) (Williamet al,
2001). One of the main objectives of this studg wabetter understand regional
distribution of the Cotton Valley Limestone. Thrbeories were tested to explain the
discontinuity of the limestone within the studyarelhey were rafting caused by salt
movement, erosion, or the possibility of non-defosi

The Bossier shales and sandstones overly the Ca#ttbely Limestone, and
represent the first deposits of the Cotton Vallegp. The Bossier Formation is poorly
imaged in the 2D seismic; and thus, 3D seismicveslticontrol was used to interpret
this horizon and provide insight into its thicknessl structure within the study area.
The Bossier represents a major transgression anithef Kimmeridgian time, which
subsequently shifts to a lowstand prograding systepresented by sand-rich
parasequences. These sandy units are deltaicdangdo well log data, but the question
is how far out into the basin did these sands mateaor where they confined mainly to
the shelf edge and slopd&his question is highly debated and there are séver
contradicting published interpretations. For exEmilliams et al. (2001) and Adams
(2009) depict the sandstones as a distal equivedghe Cotton Valley Sandstone, while
Klein and Chaivre (2002) interpret the same liné simggest that the Bossier sandstones
are possible basin floor fans, completely sepdrata the Cotton Valley Sandstone

(Figs. 7 and 8). This discrepancy was a majorganuhis study.

10



— 24 i85

(38.6 km)

MODEL OF MAJOR SAND TYPES AND SEQUENCE STRATIGRAPHY
Landward [NW) Besinward (SE)
TST
oLVF - e o o e e Horgine =
HST L == 08
AT ASE0UAITCE - ""‘ P, S ;
Coastal Plas
o e incised Valey Fil
Sequenca (Lowstend systems
Incised Valley Fill ; Boundary 5B s tCH)
Fluvial Sheef Sands W
Delta Co RllsirnLirm HET Highstand systems tract
B Oelits Complex Flacdin &5 :
Surfa{:eg MFS (Condensad Section)
??mvzﬁgmmd TsT Transgressive systams tract
=i PGC Prograding Complex
B Tubidites 5.?.3”;5':3 S8 (Lowstand Sysiems
- Marine Shale el
and Carbonates

Figure 7: Williams’ et al., (2001) interpretation of the &der sands as a distal
equivalent of the Cotton Valley Sandstone. Figikeepresents a cross-section roughly
parallel to the 2D line in this study showing tlaad-rich sequences within the Bossier as
they appear to be similar to the Cotton Valley Samge. Figure 7B is a schematic of a
typical slug model showing the shoreline sandstiight represent the Cotton Valley
deltaics and the Bossier slope turbidites (Williaahal., 2001).
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The Bossier is overlain by the Cotton Valley Saodst which comprises a thick
wedge of terrigenous clastics that appears to @éotding trigger for salt movement
over the southern portion of the regional 2D seisime. Estimating the sedimentation
rate and sediment supply during Cotton Valley Stomastime indicates significant
extension and salt movement during that time. &igg the Cotton Valley will also help
define the relationship between the Cotton Vallapdstone and Bossier sandstone.

Relatively little is published about the deposiaibpatterns and lateral continuity
of the Cotton Valley Limestone and Bossier FormaioHowever, the influence of the
large influx of Cotton Valley Sandstone on salt m@ent proved to be a key factor in

piecing together the basin history.

REGIONAL SETTING AND TECTONICS
Geologic Setting

The East Texas Salt Basin formed along a divengeamgin as a failed rift just
north of the Gulf of Mexico rift zone as the Guffidexico was opening during the
Middle Jurassic (Jackson and Seni, 1983). Howekierevolution of the East Texas Salt
Basin began in the Triassic when the Gulf Coastaeaspletely continental and the
Pacific was the nearest ocean (Fig. 9). During pine-rift time, there was expansion of
the lithosphere and uplift, which caused the Pal@o@uachita fold belt to be eroded. As
the lithosphere was uplifted and stretched, thegai maximum uplift migrated away
from the rift axes resulting in northwest-vergimdds and thrusts (Jackson, 1982). In the
late Triassic, the eroded basement was overlasohtinental rift fill comprising the red
beds of the Eagle Mills Formation. Erosion of Th@assic red beds and the Paleozoic
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basement formed an angular unconformity atop wthieh_ouann Salt accumulated
(Jackson and Seni, 1983).

By the Middle Jurassic, the East Texas Basin hadidad, possibly due to crustal
cooling, and its margins became inundated by mdramesgressions allowing the
deposition of the Louann Salt (Jackson and Se®@3)L9 During the Late Jurassic, as the
continental shelf in the East Texas Basin continoeslibside, shallow platform
carbonates of the Smackover, Buckner, and Cottdleywhimestone Formations were
deposited. There was little terrigenous depositionng this time, possibly signifying
that the rift margin was still highly elevated, shdiverting rivers around it. However, by
the end of the Jurassic and the beginning of tle¢aCeous, crustal cooling had allowed
enough subsidence that substantial progradatiterefenous clastics took place within
the basin, depositing the Bossier and Cotton Vellagdstone Formations. By this time
the Gulf of Mexico had fully opened, and this rapittoduction of terrigenous sediments
into the basin caused differential loading andgeigd salt movement (Jackson and Seni,
1983). However, this would be the second trigdesatt movement as Jackson and Seni
(1983) state that “[T]he earliest record of movemerihe Louann Salt is in the
overlying shallow-marine interval below the toptlbé Upper Oxfordian (Upper Jurassic)
Gilmer Limestone”. This agrees with the hypothéis&t during Smackover time there
were small movements in salt, possibly slight shdfite to gravitational flow of salt,
which is interpreted as the main influence on tepasition of Upper Jurassic sediments
(Jackson and Seni, 1984).

The internal structure of the East Texas Basiangdly influenced by the salt, but
the limits of the basin are controlled by tectosliements. The up-dip limit of the
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Louann salt strikes parallel to the Ouachita trand is marked by the Mexia-Talco Fault
zone, a graben-system that was active during ttassic through the Eocene (Jackson,
1982). The eastern margin of the basin is defmethe Sabine Uplift, which was a
paleo-high during the Upper Jurassic, and the sontédge forms a low rim bounded by
the Angelina Flexure, which is described as a himgewith an anticlinal middle and

monoclinal edges (Jackson, 1982).
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Figure 9: Schematic of the evolution of the East Texas B&kwokson and Seni, 1983).
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Salt Tectonics

According to Jackson and Seni (1983), at leastQltb®f Louann Salt was
deposited in the north-northeast-trending East 3®asin creating a stratigraphy that
has been divided into four separate salt provinddse provinces are focused around the
central part of the basin which represents thestldiapirs (Fig. 10). The first province
follows the margins of the basin and consists pfectically undeformed salt wedge that
ranges in thickness from 0 to 640m. The secondipce contains low-amplitude salt
pillows flanked by salt synclines, while the thpbvince comprises larger intermediate-
amplitude salt pillows, which are separated by aation synclines. The original salt
source layer was estimated to be 550 to >750m thitke third province. The fourth
province is in the center of the basin and conttieldest diapirs, all of which have
pierced their overburden and come within 23 meatéthe present day surface (Jackson
and Seni, 1983).

Studying these provinces and their structures,stacknd Seni (1983) estimated
that the Louann Salt was approximately 550-625igktprior to deformation. Based on
this, they concluded that when salt thicknesseshesha threshold of approximately 600
meters, salt mobilization was possible due to I§apling beneath a carbonate wedge, (2)
differential loading by prograding terrigenous ties and (3) basin-edge tilting and

erosion” (Jackson and Seni, 1983).
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My study dealt largely with salt structures andrtlegolution. As stated above,
the East Texas Basin has four provinces, each cieaized by a particular salt structure
with the oldest and most evolved structures coufiioethe most central part of the basin
(Fig. 11). There are several methods for saltwgian, but only those related to the East
Texas Basin will be discussed. The progressiaalifevolution in East Texas has been
compared to that of the North German salt basinrevtieere are three stages of salt
growth (Seni and Jackson, 1983). This appearstobe the case in East Texas as the
there are four provinces, the outermost contaitiiegplanar salt wedge, and the inner
three comprising the three stages of growth, thepdbw stage, diapir stage, and post-

diapir stage (Turner, 1993).

Figure 11: Evolution of salt features in the East Texas Basirhe oldest and most
evolved structures are concentrated in the cemidt part of the basin (Jackson and
Galloway, 1984).
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While the there are three stages of evolution,ghidy focused only on those
features contained in the seismic line, whichnstkd to the salt pillow stage of province
three. Salt pillows evolve due to sediment loadinga body of salt. During this stage,
sediments are draped over the salt body formingaaiant anticlinal layers. Where
sediment thins over the crest of the structurewtjref the salt pillow is considered to be
syndepositional (Turner, 1993T.he edges or flanks of the salt pillow serve as
depositional sinks or minor thicks as a resultadf withdrawal toward the pillow (Fig.
12) (Turner, 1993). Salt pillow growth can be calibg differential sediment loading,
gravity creep, subsalt discontinuities, as welas buoyancy and is influenced by the

sedimentation and erosion rates of the overlyimnsents (Seni and Jackson, 1983).
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Figure 12: Jackson and Seni’s definition of a salt pillovddhe geometries expected
along the uplifted crest and the adjacent withdtdaains (Jackson and Seni, 1983).
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In the East Texas Basin, there were at least tgmfgiant periods of salt
movement. Uneven sediment loading and increas#theatation rates appear to be the
main factors affecting salt mobilization (Seni alatkson, 1983). In a study of the
“Influence of Differential Sediment Loading on S@kctonics in the East Texas Basin”
by Harris and McGowen (1987), “seismic data sugtiedtsalt movement was both pre-
Gilmer and coeval with Cotton Valley-Hosston defiosi’. This implies that there was
one period of salt mobilization during the Smackauae and another during Cotton
Valley Sandstone time. According to Jackson ef18182), approximately 500 meters of
salt would be required in the first province tdiete flow by loading; thus, the addition
of the Smackover carbonate wedge, atop the tabalgresulted in the development of
the salt pillows in the second province. This ®ggg that at this time, there was no salt
flow in the center provinces, as only the secomm¥ipice was influenced. This lack of
salt flow into the central part of the basin wassbly due to a thinner overburden in the
area at Smackover time (Jackson et al., 1982).

Differential sediment loading is described asran factor influencing salt
flow, and thus, during Smackover time, movementiddave been caused by the
pressure of the overlying sediments on the salybetich caused isostatic
compensation as the lighter salt migrated or floteedreas of lower overburden pressure
(Hawkins and Jirik, 1965). This flow would reprasa gravity-driven gliding event due
to the basinward titling caused by increased sesiel during this time (Harris and
McGowen, 1987). Gravity flow was easily possiblgidg this time as it only requires a
slight slope of greater than one degree and a Iseosity rock (Jackson and Galloway,
1984). While salt is similar to a Newtonian fluid, a sh&fainning fluid more closely
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resembles its flow characteristics, and thus, tleotty profile of a shear-thinning fluid
can be used to describe salt flow. A stiff roakGisas carbonates or sandstone, over a
soft rock, like salt, sets up the best case scefarithe most movement of a glide sheet
(stiff rock) over a glide zone (salt) (Fig. 13) ¢daon and Galloway, 1984). With time, as
salt movement evolves, the salt varies in thickmats the topography of the basement.
As the stiff overburden is carried along the gldae, it may be stretched over basement
steps initiating extension through the developneémfrowth faults that will later
propagate upward through younger strata (Fig. Jdkson and Galloway, 1984).

The East Texas Basin has undergone extensionessiih of salt movement.
According to Rowan et al., “[FJaults form in resgerto vertical movement (caused by
downward salt withdrawal or upward diapirism) aadateral translation above salt”
(Rowan et al., 1999). In the study area, extemgifaulting appears to be related to salt
withdrawal and lateral translation above the skHult-related salt withdrawal is evident
in the northwestern portion of the line, while exdmnal faults resulting from lateral
translation and salt withdrawal are present towaedsoutheastern portion of the line
(Fig. 5). The listric fault system in the southeastern part®oxcomprised of roller faults,
which are growth faults dipping basinward that smieéin salt or merge with salt at a
cusp (Rowan et al., 1999). These faults youngieasid and have a large impact on the
overlying strata as they can accommodate gravithng) and hold a large potential for
significant amounts of extension. This fault sysismepresentative of the dominant style
of the growth faulting found in the northern GutfMexico and had a large influence on

the results found in this study (Rowan et al., 1999
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Figure 13: Velocity profiles for varying flow patterns. Thiark line at the end of the
arrows represents the velocity profile. Figureh®dws the velocity profile in a true
(Newtonian) fluid. Figure B is the velocity pradiin a shear-thinning fluid, which more
closely represents flowing rock salt. Figure @ isomposite velocity profile in a soft
layer overlying a stiff layer. Figure D is a consgie velocity profile in a stiff layer
overlying a soft layer. Velocities in Figure D aneich greater than those in Figure C
illustrating how stiff rock will flow faster overadt rock (Jackson and Galloway, 1984).
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Figure 14: lllustration showing the development of a zonextension due to a stiff
glide sheet over an uneven thickness of a sofegl@he such as salt. As the soft glide
zone flows faster the stiff overburden is straiaed pulled apart resulting in normal
faulting. This model could easily represent a batly overlain by a carbonate system

(Jackson and Galloway, 1984).
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Stratigraphy and Depositional Environment

During the Upper Jurassic, four major river systesonsplied sediment to the East
Texas, North Louisiana, and Mississippi regionsiclitontain several salt filled post-
rift basins. The ancestral Red River suppliedreedis from the northwest, while the
ancestral Ouachita River came in from the norta,ahcestral Mississippi River from the
northeast, and the ancestral Alabama River frone#st (Ewing, 2001). The Norphlet
Formation was deposited via these river systemiggltine Late Jurassic, as a thin
siliciclastic fluvial and eolian formation over ¢as Texas, northern Louisiana,
Mississippi, and Alabama. Overlying the Norph&ethe Smackover Formation, which is
Oxfordian in age and consists of limestones aneliaob oolite shoals deposited as part
of a carbonate ramp system.

Above the Smackover, lies the Kimmeridgian agedkBec evaporites. Due to a
limited supply of terrigenous sediments from thetlmand northwest during
Kimmeridgian time, the Buckner was deposited as q@faa restricted carbonate platform-
facies that allowed for development of evaporitekibd carbonate belts (Ewing, 2001).
A sequence boundary has been interpreted at thaf tbe Buckner to mark the transition
into the Haynesville/Gilmer/Cotton Valley LimestoRermations.

The top of the Louark Group is defined by the Qotialley Limestone
Formation, which sits atop the Buckner Formatiod emthis study. Similar to the
Smackover Formation, the Cotton Valley Limestoneststs of oolitic shoal complexes.
However, they are found more seaward than the Sowvaclshoals; beyond them the
Cotton Valley Limestone is present in the form oirfacle reefs. The shoals reflect a
pattern of deposition along the pre-Smackover tirathighs, specifically Sabine and
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Wiggins Islands, as well as older salt and basetmght (Fig. 15). The shoals and reefs
of the Cotton Valley Limestone are structurally gex, as they were strongly impacted
by salt movement (Ewing, 2001). Seismic reconsimnalong this horizon helped to
determine the overall influence of salt movementhenCotton Valley Limestone as well
as its effect on the deposition of overlying seditse

The end of Kimmeridgian deposition is marked bjoading surface representing
a major transgression in which carbonate depost#@sed across the region
(Goldhammer and Johnson, 2001). Above the Cottdleyaimestone, the Bossier
Formation marks the beginning of the Tithonian aGetton Valley Group, which
includes the Bossier, Cotton Valley Sandstone,kamalvles (called Upper Jurassic in
this study) Formations. At the beginning of Cotktalley time, fine-grained marine
shales of the Bossier Formation were depositeddamgned the Kimmeridgian
carbonate system (Fig. 16) (Adams, 2009). Aboesdlshales are several sand-rich
parasequences that represent a lowstand progradettbcomprise the Bossier sands
(Williams et al, 2001). Following the deposition of the Bossthere is a transition from
lowstand to highstand in which there is a shiftirdeposition of deep marine shaly units
to more sand-rich shallow marine complexes. Thrsasponds to an increase in
siliciclastics from the ancestral Red, Ouachital Btississippi Rivers, which created
fluvial and progradational deltaic complexes knagrthe Cotton Valley Sandstones
(Williams et al., 2001; Klein and Chaivre, 2002).

The youngest formation in the Cotton Valley Groapdl the last of interest in this

study, is the Knowles Limestone. It was depositethe end of Tithonian time during a
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period of marine transgression, and it is integudb be a shelf-edge carbonate ramp that
covers the southeastern portion of the East Teass\BEwing, 2001).

These depositional models were incorporated irgstismic interpretation and
served as a foundation upon which to reconstricb#sin history. These models were
referred to at each stage of the reconstructionga®in order to assess how well the

restoration fit with the depositional models.
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METHODOLOGY
Reprocessing

Several interpretations have been published reggittie depositional history of
the East Texas Basin. However, new 3D surveys halged to enhance the seismic
quality over the area and have contributed to mg@rpretations of the region. Before
interpreting the 2D line, it was reprocessed ireottd enhance the data quality in the
areas where there was no 3D coverage. The sotgheasrtion of the line was the main
focus, and in order to improve the data qualityhis area, the reprocessing flow was
tailored to fit this area and enhance the signalityuin that region of the line.

The first step was to correct the land geometryhadield observations did not
record the geometry accurately. The raw data wleoe using dynamite and two
recording trucks with 48 channels each. The gegnaetscription had to be typed into
the trace headers, and the bin widths were setttee¥eceiver interval. Datum statics
were run using sea level as zero and a replaceretotity of 7,000 ft/s.

Next, refraction statics were run, but they did ingprove the data so elevation
statistics were processed to a final floating datdrhen, the data were clipped to 6
seconds and the trace edits and datum staticsappted. Velocity analysis resulted in
a coarse grid of velocities or a raw stack that pieked every one hundred CDP gathers.
The velocities were applied to the CDP gatherssamthce consistent residual statics
were run, which used eleven CDP gathers at twelleeand created a trace model. The
program took the first trace of the first gathed @ompared it to the model trace, found
the best shift to make the real trace line up Withmodel, and continued this for each
trace.
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Spherical divergence was then applied to corracthergy attenuation and apply
a surface amplitude correction to equalize anommaliéhen, deconvolution was used to
increase resolution with depth, but spiking decdmvon resulted in over-whitening so
short gap predictive deconvolution was used. Aaotbund of residual statics was run
and velocities were picked again to flatten thegtitis timethe CDP spacing was
decreased to about one half of a mile. Trim sdatiere applied, resulting in a trace
model that compared each live trace in each CDR tivé model and only allowed for a
shift of plus or minus 6ms for each trace. Once Was complete, the final stack was
processed.

The final step in the reprocessing flow was preistane migration. This was
accomplished by taking the unstacked CDP gathetdeming them into six different
offset groups. Each group was then migrated bybwogthe first traces from each
group, which all had the same offset, and thersdm®nd traces all with the same offset,
and so on until all six groups were migrated. Bnanother residual velocity analysis
was applied, but velocities were picked every 29°GJathers and each trace in each
CDP was corrected by a few milliseconds. Thewais restacked to create a post-

migration stack (Fig. 17).
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Data Interpretation

Once the 2D line had been reprocessed, it waspbssible to begin making
interpretations. However, the process of datapnétation was iterative as changes and
adjustments were constantly being made due to sistamcies in the interpretation once
restoration was attempted. The initial interpretawas created using only the 2D line
and picking significant horizons. The base of galp, of salt, top of the Cotton Valley
Limestone, top of the Knowles Limestone, and tofhefPettet Formation were the main
horizons (Fig. 5).

Using Landmark’s Seisworks software, the 2D linesweerged with 3D data that
overlapped. From this, it was possible to moraieately interpret the 2D line by
comparing areas of uncertainty with the 3D datawaellldata. From the 3D data and
well control, the Bossier and Cotton Valley Sandstborizons were picked, as well as
shallower marker horizons. The northern and sastieen portions of the line, however,
do not have 3D coverage; thus, the interpretatias based solely on well data and
comparison to similar regions.

In order to support the interpretation of the dotvpportion of the line, eight
wells were chosen along that portion of the 2D &nd a cross-section was created using
the gamma ray, sonic, resistivity, neutron porostyd density logs from each well (Fig.
18). Based on this cross-section, it was possibieterpret how the regions reacted with
regards to thickening and thinning in the down-diigction. This aided in supporting
the interpretation of the Cotton Valley Sandstoné Bossier in this section where the

seismic data quality suffered.
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Once the interpretation of the 2D line was completiewas then compared to the
well data and 3D data to confirm the validity oé tinterpretation, and the 2D line and the
wells were imported into Geologic Systems’ Lithofsaftware. Using LithoTect's
forward modeling tool, fault geometries were testedee how they would restore and
thicknesses were compared to well data, and basé#us) the time interpretation was

tweaked before running the depth conversion (Fg. 1
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Depth Conversion

In order to convert the time interpretation to ttiephe background velocities
were determined as well as the velocities of @lfthrmations in the interpretation. First,
the background velocities were calculated fromgher 2D line by averaging the RMS
interval velocities across the line and inputtingrh into software called CurveExpert.
CurveExpert plotted the background velocities armdipced an equation for the best fit
line along the values (Fig. 20). The MMF model whesen as the equation that
described the line with the best fit to the datafso This equation would later be needed
in the depth conversion process.

Next, the sonic log values from the cross-seatvere used to determine the
velocities for each formation in the interpretatiofhe top and base picks for each
formation in all eight wells were utilized, and thelocities were averaged between the
top and base picks for each formation. Then,datd was averaged from each well to
come up with an average velocity for each formatidhese values were compared with
a Marathon Oil Company internal velocity study thatl already been done in the same
area to make sure the values were consistentZ[E)g.

These velocities were input into LithoTect’s sggedphic column. Next, the
depth conversion module was used to input the MM¥Eehand each formation velocity
to create a velocity model (Fig. 22). Then, thptdeonversion was run using the
velocity model. When the interpretation was coteefrom time to depth, many of the
lines became jagged so each line in the interpoetétad to be smoothed before the

restoration process could begin (Fig. 23).
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Figure 20: CurveExpert software that was used to do thecitglanalysis and produce
an equation for the best fit line along the valu€ee MMF model was the fifth closest
fit, but was the only one that would work with thighoTect software.
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Average Icalculated

\\Velocities \Velocities
Region |gm/s) |gm/sz
Datum 3,174 3,183
Buda 4 575
Pettet 15,188 <-- A little too fast but ok 4 989
Knowles
Limestone 4,760 <-- Looks pretty good {5097
Cotton Valley
Sandstone 4 851

<-- Might be a little too fast in Deep

Bossier 4403 [Bossier 3950
Cotton Valley
Limestone 16098 4976
Salt ~4573 4573

Figure 21: Comparison of velocity analysis with regionalo@ty study. Velocities
calculated in this study are in yellow. Blue reganets the average velocities and
comments on those velocities that were determinedregional velocity study.
(Marathon Internal Velocity Analysis)
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Restoration and Decompaction

To begin restoring the interpretation, a regionavation had to be taken into
account for each formation as this would servéhaséstoration surface. The regional
elevation for each formation was chosen to allosni@ximum salt thickness. While this
elevation could be adjusted and the restoratioarredit would only change the final
model by reducing the salt thickness and thusy#hges that were chosen depict a
maximum salt thickness. The regional salt elevaivas used to determine whether there
was an excess of salt due to basin uplift, basestemtening, or salt flow from out of the
plane, or if there was a deficiency due to dissotu(Hudec and Jackson, 2004). During
the restoration process, a spreadsheet was useddata the perimeter, area, line length,
and thickness of each stratigraphic unit withintiaounded blocks in the cross-section.
This spreadsheet was updated during each stagb@etanges recorded and used to
calculate the rates of sedimentation, horizontatthwest to southeast extension and
compaction over the basin, as well as the isostatisidence and the ratio of salt to
Cotton Valley Limestone.

Restoration began with the keystone fault blockh@northern end of the line.
Working across the line, it soon became cleartti@®D seismic line was too large and
there was too much faulting to be able to recoosthe whole line at once. After
attempting to restore several different areas @fitie, it was determined that it would be
more effective to break the line into four regidr@sed mainly on timing of fault
movement and style of deformation (Fig. 24).

The regions are numbered one through four staarige northern end of the line
and working down-dip as that appeared to followahenologic order of deformation.
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Each region was restored using vertical obliqyg s¥hich is the kinematic model
commonly associated with extensional restoratioftgen horizon thicknesses and bed
geometries that did not restore to the regionalaglen without overlap were adjusted in
the time domain and the depth conversion re-runytto restore them again and see if
the restoration was better. This was the mainniecie for interpretation validation, and
it helped to shed light on the timing of events &mdtart to piece together the influence
of salt movement on these formations. After restpeach region, they had to be re-
connected at each stage of reconstruction to maiketisey fit with each other. This
caused another round of adjustments, but assentbingntire restored line helped to
confirm the model on which the interpretation wasdxd.

Once the interpretation was adjusted such thatatly fit when restored,
decompaction was performed. Figure 25 describesdhdity functions used for each
formation during decompaction. Starting with tligimal section, one formation at a
time was backstripped and then decompacted. Oierocess reached the deformed
layers (i.e. Upper Jr and older), the top deforifieechation was restored to a regional
elevation and then backstripped and decompacted niethod was used from the Upper
Jurassic down to the top of salt. A record of eagion’s perimeter, area, line length,
and thickness was kept to record changes in egobrrat each stage. Any changes or
modifications in bed shape or thickness that weessary to balance the reconstruction
were made so that no region had an area changegtiean 0.0929 square meters (one
square foot).

Once the restoration was complete for all stadresrasults in the spreadsheet
were combined to form a series of graphs illustgathe results of compaction,
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extension, sedimentation rate, and the ratio @ftedimestone. The results from
manuallymeasuring the extension at each stage were comjuatiee values given from
LithoTect’s bedlength balancing tool. The bedléngglancing tool shows the same
amount of extension, but also illustrates the arhofinew salt added at each stage (Fig.

26).

NW SE

Km

Figure 24: In order to restore the whole line, it was neagg$o divide the line into four
regions and restore each region separately, and pla¢ the regions together and confirm
they could be reconstructed as a whole. Vertikaggeration is 2:1. All units are in
kilometers. Refer to Figure 23 for stratigraphatuenn.

Figure 25: Table listing the solidity functions used for Bdormation in the
decompaction process. Shaly units were describ&hale 1, units that were a mix of
interbedded shales and sandstones were describedliag to approximate percentages
of shale and sandstone comprised in the unit, arltboate and sandstone units were
named accordingly.
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Figure 26: Results of bed-length balancing at each stagigeimestoration. The
variation in the salt bed-length represents saltenwent at each stage. It appears that the
length of the salt is consistent until the Pegaemoved, which suggests that due to the
large overburden pressure there was salt withdriravad Cotton Valley Sandstone time
up until Pettet. There appears to be a loss bfrdan the Cotton Valley Sandstone is
removed. This can be explained by extension tlagtiwggered by the loading of the
Cotton Valley Sandstone so that at Bossier timeethas less salt because the section
was shorter and there was less deformation. Firalthe end of Cotton Valley
Limestone deposition, there appears to be eversddssThis is probably due to less
deformation within the salt so the bedlength waste at this time. Refer to Figure 23
for stratigraphic column. All units are in kilonees.
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RESULTS

The results of the 2D restoration helped confirmittterpretation and supported
the models upon which the interpretation was bagecteating a picture of the basin at
each stage of deposition. This was accomplishezhlmylating rates of extension,
compaction, sedimentation, and subsidence, asasé¢he ratio of salt to limestone.

The process of restoring the line began by bagistrg the upper layers until the
deformed layers were reached. The Upper Jurassdhve first deformed horizon and it
measured an average of 115 meters thick on themdrday seismic line ranging from 82
to 162 meters thick. After the overburden had kstgepped away and the Upper Jurassic
had been decompacted and restored, it measureoxapptely 188 meters thick. Thus,
it underwent roughly 65 meters of compaction (Rig). From the end of Upper Jurassic
to Pettet time, it appears that there was appraeiyna.4 kilometers of extension
possibly due to salt withdrawal and reactivaticongl listric faults (Fig. 28).

Next, was the Cotton Valley Sandstone, which rarfgad 211 to 1500 meters
thick and had an average thickness of about 858rs1before decompaction or
restoration. Once it had been decompacted andse&coted, the Cotton Valley
Sandstone, which consists of mostly deltaic salmas,an average thickness of 1240
meters signifying almost 390 meters of compactiomeerage, but in some areas over
1000 meters of compaction was calculated. It cé¢sppear that any extension took
place from the end of Cotton Valley Sandstone diéipogo the top of the Upper Jurassic
(Fig. 29). This could possibly be due to the matiansgression at the end of Cotton
Valley time and the rapid decrease in sedimentaitenfrom the 19.2 cm/1000 yr during
Cotton Valley deposition to that of the Upper Jarast about 7.3 cm/1000 yr (Fig. 30).
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NW

Before Restoration

After Restoration

Bossier pops up, salt fil

0.4 km extensic

SE

0.0

Km

5.0

10
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Figure 27: Before and after reconstruction of the Upper Jucasgst. When the Upper
Jurassic is returned to regional, there is a sgamt amount of salt added to the system
as the small Bossier deposition between the satkblis popped up and salt fills in

between the basement and the Bossier. There g&aes to be some extension that took

place as the restored section is shorter thanrtgmal. Vertical exaggeration is 2:1.
Refer to Figure 23 for stratigraphic column. Aflits are in kilometers.

NW

SE
Km

Figure 28: After reconstructing the Upper Jurassic, it appéaat there was about a 0.4

kilometers of extension between the Upper JurassicPettet. This could be due to salt

withdrawal and reactivation along the listric fauid the southeasW¥ertical exaggeration
is 2:1. Refer to Figure 23 for stratigraphic coturmAll units are in kilometers.
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NW SE
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Figure 29: Before and after reconstruction of the Cotton \laandstone. When the
Cotton Valley Sandstone are returned to regiohaketis slightly more salt added to the
system, but there is no evidence of extensionisistage. Vertical exaggeration is 2:1.
Refer to Figure 23 for stratigraphic column. Afiits are in kilometers.

Sedimentation Rate

Upper Jr

CVS

Formation

BSSR

CVL

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Sedimentation Rate (m/1000yr)

Figure 30: Graph illustrating the sedimentation rates farhefmrmation.
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Once the Cotton Valley Sandstone was backstrippped3ossier was
decompacted and restored. The Bossier Formatima paesent day average thickness of
approximately 370 meters thick, ranging from 222aerseto 682 meters thick. After
decompaction and restoration, it has an averagkrtass of ~700 meters (Fig. 31). This
corresponds to about 333 meters of compaction,iwlitten compared to its average
thickness of ~370 meters before backstripping thitoGd/alley Sandstone, implies that
the Cotton Valley Sandstone had a large impacherBbssier and must have been part
of a large increase in sediment supply and sedatientrate. This corresponds to the
increase in sedimentation rates from Bossier titri8a cm/1000 yr to 19.2 cm/1000 yr
during Cotton Valley Sandstone deposition. Thigéancrease in sedimentation from
the end of Bossier to the top of Cotton Valley Sa#ade time also had a significant
impact on extension, as there was approximatekil@theters of extension during this
time (Fig. 32). This averages out to approxima8#l mm/yr and can most likely be
attributed to the large influx of sediments inte 8tarved basin. The pressure of this
large overburden contributed to gravity-drivenisigdover the Louann Salt resulting in
large listric growth faults, 5 to 13 kilometersl@mgth with small, about 0.02 kilometers
in the Upper Jurassic, to large amounts, almogio8leters in the Bossier, of
displacement that accommodated the extension.

Backstripping the Bossier exposed the Cotton Vdlieyestone, which has a
present day average thickness of about 500 metettsed?D line with values ranging
from 320 meters to 600 meters. After decompaciiwhrestoration, the average
thickness approximately 740 meters (Fig. 33). Huptates to almost 238 meters of
compaction. There was little to no extension dyths time, although it appears that
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there was salt growth taking place syndepositigrasithe limestone thins over the
northernmost salt body when reconstructed.

By reconstructing the Upper Jurassic strata at dapbsitional stage, new values
of salt volume were introduced into the system,chtagreed with the interpretation and
depositional model. For example, in the northeartipn of the line in region three, when
the Upper Jurassic layer is restored, there igpaupoand separation between the
basement and Cotton Valley Limestone where saltomas present (Fig. 27). As the
restoration continues, more salt is added intesyis¢em at each stage. The thickness of
salt was compared to Cotton Valley Limestone bezdus present throughout each
restoration step and is not lost down-dip off ihe When the Bossier and its extension is
restored (Fig. 34). As previously mentioned, regicelevation was used to compare the
area of salt to the surrounding sediments becapssatly salt will only be displaced
upward if the surrounding sediments sink belowrdggonal salt elevation (Hudec and
Jackson, 2004). This suggests that the amoumtitodisove regional elevation should be
equal to the amount of sediments below regionaiagien (Fig. 35). This is not the case
in this study, there is more salt above regioraa&tion than there is Cotton Valley
Limestone below, 18.7 khof salt versus 8.9 kfnf Cotton Valley Limestone.

According to Hudec and Jackson (2004), this isiptesslue to either basin uplift relative
to the flanks of the basin, basement shorteningattrflow from out of plane. In this
case, it appears to be caused by salt flow fronobtite plane, which can be correlated
with surrounding areas of salt lows seen on arhismcmap of the area (Fig. 36).
Bedlength balancing also provided a good indicatibthe amount of salt added to the
system.
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Figure 31: Before and after reconstruction of the Bossier Faiom. Upon returning the
Bossier to regional, it is obvious that the sathisker, and there was a significant
amount of extension during Cotton Valley Sandstegosition. Vertical exaggeration is
2:1. Refer to Figure 23 for stratigraphic column.
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Figure 32: There was approximately 22 km of extension duriogt@ Valley
Sandstone time, which equates to approximatelyn3m//ear. Colors correspond to
formations. Refer to Figure 23 for stratigraphoduenn.
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CVL thins
over sal

No CVL
deposition
over sal

Figure 33: Before and after reconstruction of the Cotton \fallenestone (CVL).

Once the Cotton Valley Limestone is returned toawed], it is apparent that the
limestone thins over first large salt body, implyithat it was a paleo-high at the time of
deposition. From this restoration, it is obviohattthe large salt body was higher than
the regional elevation of the limestone, and treesfthere was no Louark Group
deposition over that body. Vertical exaggerat®:il. Refer to Figure 23 for
stratigraphic column.
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Figure 34: Ratio of Louann Salt to Cotton Valley LimestoneheTCotton Valley
Limestone was used to compare to the thicknesalblbscause it is present in the same
length as the salt, it is not lost down-dip off time when the Bossier extension is
restored.

NW SE

Foo

Km

5.0

Figure 35: The areas of salt (dark blue) above the regisalalelevation should be equal
to the Cotton Valley Limestone (green) below regicglevation. The dark blue salt has
an area of 18.7 kfwersus 8.9 krfof green Cotton Valley Limestone. Since the asras
not equal, this suggests that there was salt ffom fout of plane. Vertical exaggeration
is 2:1. All units are in kilometers.
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Figure 36: Top of salt
time structure map with
2D line displayed in
black.

N
T 0 2.7 Miles 5.4 Miles
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Once the results were compiled, the rates of exdensompaction,
sedimentation, and subsidence were calculateduré-B2 shows the rate of extension at
each stage in time. Overall, there was approxim&tE2o extension across the whole
line, and figure 37 shows roughly 48 kilometershef 2D seismic line across the
southern end of the basin. In comparison withvthele basin, 21% might be low but is
probably a fairly close estimate since the lineadhtovers the average width of the
basin. The rate of extension varied at each dgpnal stage, but was highest during
Cotton Valley Sandstone time when the basin undetrapproximately 22 kilometers of
extension. In order for there to have been thishrextension there must be a linked
contractional region down-dip where the extensias vaken up. While this area is not
visible on the 2D line or the 3D data in the aremust be present at a much greater
depth basinward. The extension estimate providee suggests the down-dip
contractional region accommodates approximatelki@eters of northwest to
southeast shortening.

Figure 38 shows the rate of compaction for eacim#&dion. From the graph, it is
evident that the Pettet was the thickest formadina during Pettet time, approximately
112 million years ago, there is a large increagbencompaction rate. There is another
large increase shown during Cotton Valley Sandstone. These formations appear to
have had the greatest impact on compaction indsab

Sedimentation rates were calculated by taking veeage thickness of the
formations and dividing that by elapsed time. Tétes of sedimentation for the Bossier

and Cotton Valley Sandstone are shown in figure B@e Cotton Valley Sandstone posts
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a much higher sedimentation rate than the surragnfdirmations suggesting that during
this time there must have been an increase in sedisupply.

The final calculations noted were the rates of sldree over the 2D line (Fig.
39). A horizontal line was placed along the basthe original section and as each layer
was backstripped and decompacted, the distancesbptthie horizontal and the
reconstructed base was measured. This value wagtbtted against the time in
millions of years, and the slope of that line is thte of subsidence at that time. Based
on the measurements taken in this study, it isentithat after the deposition of the
Cotton Valley Sandstone, the subsidence rate isesefiom 0.024 mm/yr to
0.083mml/yr. According to Harris and McGowen (198M§ rate of subsidence that took
place contemporaneously with sedimentation is lgrgentrolled by the thickness of the
Louann Salt. This is evident in figures 34 and\3fre the large increase in the ratio of
Louann Salt to Cotton Valley Limestone correspotadtie highest subsidence rate. It
also appears that the rate of subsidence beglesdboff during the mid to late
Cretaceous. This observation is consistent wigottles published by Jackson and Seni

(1983).
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Figure 37: Map of the salt provinces of the East Texas Basth the 2D line
superimposed to show its size in relation to tr@rbaThe line covers approximately 30
miles across the southern end of the basin. [Nemtiffom Jackson (1982)]
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DISCUSSION

Based on the results of this study, there are akleey conclusions that can be
made, which helped in reconstructing the basirohystFirst, the restoration shows that
there were two significant periods of salt movemente during Smackover time and
another during Cotton Valley Sandstone time. Selyoiit also suggests that there was
no deposition of the Louark Group where salt wgaiicantly above regional elevation.
Thirdly, it helped to better define the depositiomavironment of the Bossier sands by
giving a better estimate of the location of thellsbdge. These results are consistent
with isochron and gravity maps in the area showiogy salt may have moved.

As mentioned previously, there were at least twaificant periods of salt
movement, one during Smackover time due to theingaaf the Norphlet and
Smackover Formations, and another due to the laflye of deltaic sediments during
the deposition of the Cotton Valley Sandstone asgrated out into the starved basin.
Upon restoring the Cotton Valley Limestone, itvgdent that the limestone thinned over
the ancient low-amplitude salt pillow in the nomh@ortion of the 2D line signifying its
presence prior to the limestone deposition andestgyy salt movement likely to have
occurred during Smackover time.

The oolitic shoals of the Smackover were depositeshallow marine conditions
of approximately 10-15m water depth (Fig. 40)reliched thicknesses of 229 meters to
252 meters over salt thicknesses of approximat@®yriieters in the northern part of the
line (Fig. 41) (Chisholm, 1968). This agrees witltkson and Seni’'s numbers for a salt
threshold of 500 meters in the first province, #ngks, itlikely triggered a gravity flow of
salt basinward. This would be responsible forlthreto intermediate amplitude salt
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pillows within the basin. In this line, it appedsit a basement high in the middle of the
line may have stopped the salt from sliding furtthewn dip and allowed salt to build up
behind it, creating a salt high or ridge over whilea Cotton Valley Limestone was not
deposited. The reconstruction illustrates thighassalt appears to be higher than the
regional elevation of the limestone at the endegfasition (Fig. 33). Biofacies analysis
done by Spaw et al. (2000) reveals that the wagpthd during Cotton Valley Limestone
deposition were fairly shallow, less than 20 metansl there were very shallow periods
where there is evidence of subaerial exposureeofabfs. These findings support the
reconstructed model that suggests a lagoonal getith shallow water depths where
either salt was exposed or too shallow for Cottatiey Limestone deposition.

During Bossier time, there was a brief marine tgaession depositing the Bossier
shales, but then shortly after, sea level begdalitand along with continual thermal
relaxation and subsidence, the first terrigenodisents began to make their way out
over the older carbonates (Fig. 42). At this tiime sedimentation rate was greater than
the rate of subsidence, therefore allowing the Bo$s overrun the salt ridge that had
served as a structural high during Cotton Vallepéstone deposition. Progradation
slowed at the break in the carbonate platform, wk&rved as the shelf edge at the time
and Bossier deposition thickened as it was depbsdivevn the slope in localized
depositional centers due to salt withdrawal ofldve-amplitude salt pillows (Fig. 43).
This salt withdrawal most likely occurred on thenttoental slope so the farthest reaching
sand of the Bossier Formation may be equivalestdpe fans, but not likely basin floor
fans as predicted by Klein and Chaivre (2002) stheeBossier is restored almost 22 km
updip.
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Figure 41: Isopach map of Smackover-Cotton Valley Limestormb@aate facies.
Northwest of dashed line is an isopach of Smackalmre. Southeast of dashed line is a
combined Smackover-Cotton Valley Limestone isopa8tudy area in blue and 2D line

in yellow. [Modified from Harris and McGowen (1987
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Figure 43: Schematic of salt evolution in the East Texas Babigure A illustrates the
initiation of salt flow developing salt pillows dag the Late Jurassic. Figure B shows
the evolution from low-amplitude salt pillows ta@énmediate pillows and the first
generation of diapirism in the Late Jurassic tdyE@retaceous. Figure C describes the
second generation of diapirism in the Early Cretaseand Figure D represents the
waning of diapirism in the Early Tertiary (Jacksamd Seni, 1983).
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The Cotton Valley Sandstone then prograded oveBtssier and was deposited
farther down the slope and into the starved baShe previous thickening of Bossier
sediments on the continental slope contribute@doiced accommodation along the shelf
break and slope during Cotton Valley Sandstone imthat the deltaic sands prograded
further out into the starved basin where there gvaater accommodation space to handle
the large sediment influx. The large increasestlirmentation triggered the second
period of salt movement as the loading caused@ease in overburden pressure
resulting in salt withdrawal from the area. Tm#uenced the gravitational flow of the
salt and resulted in basinward lateral transladibtine sediments along a system of listric
growth faults that extended the basin almost twéntykilometers to the southeast (Fig.
29).

The extension seen during Cotton Valley Sandstome demonstrates that these
deposits were the cause of the second signifiednrovement. However, at the end of
Cotton Valley Sandstone time, there appears tidogtia significant amount of salt on the
southeast end of the line, and from examining thexlging horizons, it appears that the
salt continues to withdraw up until the end of €etiime. This is evident from the slight
synform structure seen at the top of the Pettetevtiee horizon begins to recover and
move back toward regional elevation (Fig. 44).

In Klein and Chaivre’s (2002) interpretation b&ét2D line, they denoted the shelf
edge as the loss of the seismic reflectors (FigABler restoring the line, it becomes
evident that area is simply a result of salt widvdal (Fig. 45). The shelf edge during
Bossier time would have been close to this areacanttl possibly be defined by the
thickening Bossier depositional center, which shidvescontrast from a planar deposition
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to an increase in accommodation. This increassvelll for a noticeable thickening in
Bossier sedimentation as the prograding sedimeossed the shelf break. The Bossier
shelf edge was likely very nearby as the Bossipogiional center is in close proximity
to this salt withdrawal. However, it appears tmthe Bossier prograded out, and then
the Cotton Valley Sandstone prograded over itstiedf edge migrated basinward so that
by Cotton Valley Sandstone time, the shelf edge pessibly near the southern edge of
the large salt body shown on the 2D line. Thieagmwith Adams’ (2009) theory that the
Bossier-Cotton Valley deltaic system caused theraign of the shoreline seaward
across the East Texas Basin.

According to Ge and Jackson (1998), salt dissatuatures are most commonly
found in areas where the salt was still tabulaotetieformation of the overburden and
had not formed structures such as pillows or dsapirhis agrees with previous
statements that the presence of salt withdrawdlimvthis study is most likely due to
gravity flow of the salt rather than dissolutioBalt withdrawal in the upper section of
the line resulted in a syncline, which formed & salld. An isochron map of the top of
salt in this area shows a salt high just northhf &rea suggesting that this salt possibly
flowed north to produce what is known today as@a&wood Dome in East Texas (Fig.
36). Studies of the Oakwood dome state that tpeoc& on the dome formed around
Early Cretaceous time (Kreitler and Dutton, 198Bhis would support salt movement
from the south prior to Cretaceous time. Basegrernious evidence showing that there
is a thickening of Bossier sediments in this atleig,implies that salt withdrawal began at
this stage and that the top of the Cotton ValleydStone can be restored to regional,
suggesting that salt withdrawal was complete byetie of its deposition. This agrees
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with the timeline that salt was moving into theaacé the Oakwood dome from late
Jurassic through early Cretaceous.

From the results of this study, it was possibléltstrate the stages of basin
history by sketching a cross-section along the s2iméne at each depositional stage
(Fig. 46). These sketches show how the topographbpged through time with respect to
salt movement and deposition. The first sketchatgphe end of mother salt deposition
where the Louann Salt was still tabular.

The second sketch implies that sediment loadingnduhe deposition of the
Norphlet and Smackover triggered the initial stafjgalt movement. This first salt
movement represents the beginning of the saltwpiitage, which would later contribute
to the progression of salt features toward theerasftthe basin. This sketch shows the
topography during the deposition of the Cotton 8alLimestone. During this time, salt
movement had developed two large bodies of satlatgest of which appears to sit atop
a basement high and that may explain why there maugch salt in this location as the
basement high acted as a dam to prevent furtheitgflow of the salt down-dip. This
is the highest salt body in the line at this time aay have caused the smaller pillow
behind it to form as it caused a domino effect bagidip containing any salt from
flowing further down-dip. As the Cotton Valley Lestone was deposited, it thins over
the first salt body confirming that there was growft a salt structure during this time.
However, further down-dip, the Cotton Valley Limas¢ is absent from the top of the
larger salt body and appears to onlap it on batéssi This suggests that during this time,
the elevation of the top of this salt body washagh for Cotton Valley Limestone
deposition. This would require that either thik bady was extruded subaerially or more
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likely it was in water depths too shallow for Cattdalley deposition, such as a lagoonal
setting. Also depicted in this sketch is the fhett in order for the smaller salt pillow to
have been present during this time, one would exgpeormal fault facing down-dip

with a thickening section of the Cotton Valley Listene in the hanging wall. This
contradicts the present seismic interpretation ehieere is a normal fault facing up-dip.
The third and fourth sketches illustrate how teipassible due to salt withdrawal causing
the collapse of the overlying sediments

The third sketch illustrates deposition during Beseme. As salt from the
northwestern body begins to withdraw, the beds farsyncline in the area of salt
withdrawal. During this time, the beds begin t@osteepen setting up the development
of a fault on the southeastern edge of the synci8tage three also displays the thinning
of the Bossier over the second salt body, andebersl sketch in this phase depicts the
beginning of the graben as the overburden pre$saurethe Bossier causes salt
withdrawal.

Stage four marks the beginning of Cotton Valleyd&one deposition. It
demonstrates the large sediment accumulation aseltecs prograded across the shelf,
and it shows over steepening in the salt withdrasyatline where the previous southeast
dipping fault has almost been completely overpdnt@&here is further salt withdrawal
from the large body as there is a thickening ott@oWalley Sandstone in the graben,
and the large sediment load causes salt to begutiidraw from the southeastern
portion of the line developing large listric faultBurther deposition of the Cotton Valley
Sandstone, would trigger movement along thesedfamitl transport Salt, Cotton Valley
Limestone and Bossier 22 kilometers basinward.
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The last sketch in the series represents the tapbgrat the end of the Upper
Jurassic, as the Knowles Limestone was deposibd. Upper Jurassic is deposited
along the topography that was filled in by the GotValley Sandstone and the faults
from Cotton Valley Sandstone time propagate upulamugh the section.

The complete restoration appears to be a balantegretation of the seismic
line across Freestone, Leon, and Houston countiggves compelling results as to the
timing of salt movement, the amount of extensibe,fates of compaction, subsidence,

and sedimentation across the southern portioneob#ésin (Fig. 47).
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Figure 45: Comparison of Klein and Chaivre (2002) interpretativith before and after

Klein and Chaivre
(2002) Interpretation of
the shelf edge.

Prior to restoration,
depth interpretation of
the same area as above.

After reconstruction, it
appears that dip in
reflectors was due to
beds forming a syncline
in response to salt
withdrawal in the area
and does not represent
the shelf edge.

images of the reconstruction to conclude that tppidg reflectors were due to salt
withdrawal rather than the drop off of the shelfjedKlein and Chaivre, 2002).
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Figure 46: Sketches of the evolution of the 2d line at eacfon@epositional stage
based on results from the restoration. Stagerkesepts the deposition of the Louann
Salt. Stage 2 marks the deposition of the CottalteY Limestone suggesting that the
initial salt movement has already occurred credivmsalt paleo-highs. The first is
small enough for the limestone to be thinly demasiin top, while the second is larger
and the limestone is not deposited across it. €S3atjustrates Bossier deposition
showing steeping of the fault on the southeastaidke first salt body and thinning of
the Bossier atop the second until the salt stanathdraw due to the overburden
pressure and the graben begins to form. Stageidtdé¢he deposition of the Cotton
Valley Sandstone. The fault that was originallyt jpd the first salt body begins to be
overprinted by the large sediment accumulatiorhefd¢ands in the accommodation space
created by the salt withdrawal. As the Cotton 8albandstone was deposited, they
triggered faulting in the southeastern portionh&f line represented by the red dotted
lines. Further deposition, caused an increaseeanbarrden pressure which triggered the
second salt movement, and resulted in large lifdrtts that transported the Bossier,
Cotton Valley Limestone and Salt down-dip approxieha22 kilometers as can be seen
in Stage 5. Sketches are not drawn to scale.
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Figure 47: Complete LithoTect restoration of depth-convertédide
through Freestone, Leon, and Houston countiesaiictist Texas Basin.
Vertical exaggeration is 2:1. Refer to Figure @B8dtratigraphic column.
Time in millions of years ago (mya).
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ANALOGS
Kwanza Basin, Angola

In order to support the interpretation and thedaamount of extension interpreted
in the East Texas Basin, comparison with otheripassargin basins, such as the
Kwanza Basin proves to be useful. The Kwanza Biasiff the western coast of Africa,
which is part of the Aptian salt basin that extendghward toward Gabon. The Kwanza
Basin is divided into the onshore Inner Kwanza Basid the offshore Outer Kwanza
Basin. The outer basin more closely resemble&#st Texas Basin, as it is
characterized as a passive margin with salt movethento gravity-sliding resulting in
approximately 12 miles of up-dip extension and esponding down-dip compression
(Jackson and Hudec, 2009).

Both the Kwanza and East Texas are rift basinsvileag filled with rift sediments
prior to salt deposition, and then dominated byingadeposition until the initial salt
deformation (Liro and Coen, 1995). They both ssgitjeat salt mobilization was not
confined to one period, but was a result of mudtigtiages. While in the East Texas Basin
mobilization appears to be first, a result of baige tilting due to thermal relaxation
and then, reactivation due to a large increasedmsent influx causing extension and
basinward translation. The Kwanza Basin suggés¢® tperiods of salt deformation
(Hudec and Martin, 2004). The first, like thatdast Texas, is thought to be due to
thermal subsidence and basin tilting, but the seé@ third stages are attributed to
periods of uplift that triggered basinward transiat(Hudec and Martin, 2004).

The Kwanza Basin is also similar to East Texasat both have an observable
change and progression in salt features acrodsasia. In both cases, these features can
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be divided into distinct provinces that mature basird (Hudec and Martin, 2004). The
starved Kwanza Basin shows a progression from deformed wedge to an area of salt
pillows and turtle structures that progress tofadamain and then to a diapir province
(Fig. 48). The Outer Kwanza Basin comprises tlfied@mnain and all provinces
basinward. This is comparable to the southeasi@ge of the 2D line in this study where
the listric growth faults accommodate the raftediments. The outer basin shows a
correlative relationship to the East Texas BasithasAptian salt serves as the
detachment surface much like the Louann Salt aldmgh there are periods of thin-
skinned gravity driven translation of post-saltisezhts along an analogous extensional
system (Fig. 49).

Overall, these basins are very similar as they bephesent multiple stages of salt
deformation caused by gravity-driven translatiosuieng in mild deformation landward
and more complex salt structures toward the cariftdre basin (Liro and Coen, 1995).
They both also have significant extensional regiartsch must contribute to an equal
amount of shortening farther out in the basin. @anson of the salt features within
these basins gives insight into the characteristicalt flow and the tectonic regimes

associated with salt deformation.
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Figure 49: Figure A shows the interpretation for the Outer iKwaBasin. The Aptian
Salt serves as a detachment surface for extendistel faults much like the Louann
Salt does in the East Texas Basin in Figure B (Latd Jensen, 2009).
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Gulf of Suez, Red Sea, and the Persian Gulf

The southern Gulf of Suez in the Red Sea repres@ather area with salt
features that can be compared to those of theTeasts Basin. In this area, the basin is
characterized by an increase in structural matdimaiy the east and west toward the
basin center, much like the East Texas Basin, asdtsimilar evolution of salt tectonics
(Heaton et al., 1995).

Following rifting, the confined basin was filled tisalt and was then overlain by
a carbonate system, which in accordance with agerf thermal relaxation, caused the
basin to tilt seaward and the eastern edge ofdemlunderwent extension as listric
growth faults detached in the main salt layer aradigy carried them basinward (Heaton
et al., 1995) (Fig. 50). In southern part of @@f of Suez, near Yemen, water depths
range from 15 to 100 meters, and there are maagdsland shoals on the shelf that
appear to be caused by rising salt features (Hesdtah, 1995). These shallow salt
structures developed shoals rimmed by carbonats, lm& exposed on top much like the
large salt body in this study, where the Cottonl&tal imestone was not deposited atop
the salt possibly due to shallow water conditiow¢hile the Gulf of Suez may not be a
direct analogy for the East Texas Basin, it holkddence of similar features found in
East Texas and provides insight into how theseaifeatmight be interpreted.

Like the Gulf of Suez, the Persian Gulf can be carag to the East Texas Basin.
It is almost a modern day equivalent of the Eagia§eBasin during the Mesozoic (Seni
and Jackson, 1983). In the Persian Gulf, thersla#ow salt domes or mounds that rise
from the ocean floor, while more mature diapirggeethe surface exposing salt as
islands. The Yas and Jebel Dhana salt domes arsueh islands that are surrounded by
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a fringe of coral reefs and flanked by muds anth@aate sands that fill in the rim
syncline feature surrounding the domes (Fig. 5&p{&nd Jackson, 1983). These two
domes represent an example of the type of depoaltgetting that might have occurred
during the non-deposition of the Cotton Valley Lstane over the large salt dome. The
ancient dome appears to be similar to these inttigafringed by carbonate facies and
has depositional centers on both flanks, where iBoshales and sands were deposited.
The Kwanza Basin, Gulf of Suez, and Persian Gelfaanly a few examples of
similar rift basins. While the inner dynamics bétbasins may vary, the overall
evolution of salt tectonics from the rifting stagksough to diapirism appears to be very
similar. The Gulf of Suez and Kwanza basins aggatterized by a structural maturity
that progresses basinward, as well as by signifieate@nsion along the landward flank of
the basin. They also have a similar stratigraptylte, as they all illustrate a salt layer
overlain by a carbonate system, which initiatedfits¢ periods of salt mobilization due
to thermal subsidence and gravity flow. Basedhencbmparisons with these basins,
there is evidence to support the interpretatiorth®iEast Texas Basin in this study and

suggests that further studies might find more datians between these basins.
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Figure 50: Listric growth faults in the Yemeni Red Sea detaghin salt and sliding
basinward causing extension and rollover of theshetb the fault block, much like the
listric faults in this study. [Modified from Heataet al. (1995)]
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Figure 51: The Yas and Jebel Dhana salt domes in the Persiin Both are exposed
at the surface and surrounded by a fringe of qeetk with carbonate sands on their
flanks forming a rim syncline (Seni and Jacksorg3)9
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CONCLUSION

Based on the results of this study, salt movemastinitiated during Smackover
time due to differential loading of carbonates atop Louann Salt. By Cotton Valley
Limestone time, salt pillows had developed andteéa depositional surface of
topographic highs and lows. The Cotton Valley Lsto@e was deposited in a shallow
marine environment, forming rims along the salhikignd leaving areas of non-
deposition over the highest salt bodies.

The sand-rich parasequences of the Bossier Formapresent a distal
equivalent of the Cotton Valley Sandstone. DuBagsier deposition, the sedimentation
rate was greater than the rate of subsidence atpthie Bossier to overrun the salt ridge
that had served as a structural high during Cottaltey Limestone deposition.
Progradation slowed at the break in the carborlatéopm, which served as the shelf
edge at the time, and Bossier deposition thickeagd, was deposited down the slope in
localized depositional centers due to salt withddao the low-amplitude salt pillows
(Fig. 43). This salt withdrawal most likely occeidron the continental slope so the
farthest reaching sands of the Bossier Formationlmaequivalent to slope fans.

As sea level continued to fall and the basin sidskithe deltaic sands of the
Cotton Valley Sandstone Formation prograded adtasshelf introducing a large influx
of sediments into the relatively starved basinisTarge increase in sediment triggered
another period of salt movement and resulted ima@mately 22 kilometers of
extension across the basin as the Bossier Formagsrcarried down the continental

slope along large listric faults.
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Overall, restoring this 2D line led to new insightsout the basin history and
confirmed many previous theories concerning saltenzent and deposition in the East
Texas Basin. Most importantly this study suppthestheory that there were two
significant periods of salt movement, one duringa8kover time and another during
Cotton Valley Sandstone time. Secondly, it indesahat there was no deposition of the
Louark Group in areas where the salt was signiflgdngher than the regional elevation;
and thirdly, it clarifies the depositional enviroan of the Bossier sands by estimating of

the location of the shelf edge.
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