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ABSTRACT

A major stratigraphic problem presently exists in the southern East Texas Basin. Geoscientists working in the subsurface
in this region are no longer sure, as to what strata, between the Buda Formation and Austin Group, are equivalent to the
Woodbine and Eagle Ford groups, as defined along the outcrop belt. As a result, this stratal succession is now commonly just
referred to as the “Eaglebine.” To resolve this dilemma, a regional grid of well-log cross-sections, tied to petrophysical and geo-
chemical data from (1) two shallow subsurface government research cores and (2) a deeper subsurface industry core, was used
to unravel the “Eaglebine.” This research revealed that the “Eaglebine” in the southern East Texas Basin actually consists of a
vertical succession four petrophysically and geochemically distinct unconformity-bounded sequences (sequences 1 to 4, from the
base up), all of which (1) have a sharp basal contact and (2) display underlying stratal terminations, on the grid of regional
well-log cross-sections. The lowermost “sequence 1,” which is interpreted as the False Buda, is a moderate gamma ray (GR)/
resistivity unit, that is rich in Ca, but poor in total organic content (TOC), Al, and Ti. “Sequence 2,” which is interpreted as the
Pepper Formation (Woodbine Group), is a low-resistivity unit, that is poor in Ca and TOC, but rich in Al and Ti. “Sequence 3,”
which is interpreted as the Lower Eagle Ford Formation (LEF), is a high-resistivity/GR unit, that overall is enriched in Ca and
TOC, but poor in Al and Ti. The uppermost unit, “Sequence 4,” which is interpreted as the Lower Member of the Upper Eagle
Ford Formation (UEF), is primally a low-resistivity unit, that is rich in Al and Ti, but overall poor in Ca and TOC. In general,
across the study area, Ca— and TOC-rich, high-resistivity LEF mudstones separate more Al-rich, as well as Ca— and TOC-
poor strata, of both the Woodbine Group/Freestone delta (below) from the UEF/Harris delta (above).

south, and the Arctic Ocean from the north. According to Kauff-
INTRODUCTION man (1995) by the earliest Turonian (Fig. 2B), when interpreted
During the Late Cretaceous, present-day Texas was located peak global greenhouse conditions occurred, (1) eustatic sea-
at the southern gateway of the Cretaceous Western Interior Sea- level was elevated nearly 1000 ft (300 m) above its present posi-
way positioned at the transition from a foreland basin to the west, tions, (2) atmospheric CO, was at least four times above present
and a tiered passive continental margin to the east (Fig. 1). The levels, (3) warm, more-equable climates, reflecting low thermal
Late Cretaceous was also a time of global greenhouse conditions gradients, existed from the pole to the equator, as well as from
marked by expanding epicontinental seaways (Fig. 2), and epi- top to bottoms in the world’s oceans, and (4) the Cretaceous
sodes of ocean anoxia, reflected by the deposition of organic-rich Western Interior Seaway covered the craton from the Gulf of
source rocks (Kauffman, 1995). During this time, the Woodbine, Mexico to the South to the Arctic Ocean to the north.
Eagle Ford, and Austin groups were sequentially deposited Associated with the overall sea-level rise is the Ocean Anox-
across Texas (Fig. 3). ic Event 2 (OAE2), also referred to as the Cenomanian/Turonian
During the early Cenomanian (Fig. 2A), seas began to trans- Boundary Event (Pearce et al., 2009). The OAE2 (Fig. 3) is an
gress the North American craton from the Gulf of Mexico to the approximate 750,000 yr long period in the earth’s history marked
by the punctuated extinction of over a quarter of the of marine
invertebrates, that existed prior to this event (Forkner et al.,
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2021).
Manuscript received June 7, 2023; revised manuscript received August 11, 2023; manu- Geochemically, the OAE2 is characterized by a globally
script accepted August 11, 2023. recognized positive carbon isotope (3'°C) excursion reflecting
widespread removal of '*C—enriched organic matter in marine
GCAGS Journal, v. 12 (2023), p. 106-134. sediments and denoting one of the major global perturbations in
https://doi.org/10.62371/ABPO7316 the carbon cycle of the earth’s paleo-oceans. The OAE2, with its
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Figure 1. The East Texas Basin
is bounded by the Sabine Uplift
to the east of the Marathon/
Ouachita Tectonic front to the
north and west, the Stuart City
Shelf Margin to the south, and
the San Marcos Arch to the
southwest. Please note the

(1) Eagle Ford/Austin outcrop
belt, (2) location of the USGS
GC-1 and GC-2, as well as the
industry core, used in this
study; and (3) East Texas Field
on the west flank of the Sabine

Uplift.

Figure 2. Paleographic maps for the (A) early Cenomanian (Woodbine) and (B) latest Cenomanian (basal UEF) for the Western
U.S., illustrating the spreading and final connection of the Tethyan and Boreal seas which formed the Cretaceous Western Inte-
rior Seaway in the latest Cenomanian. The red circle on these maps highlights the location of Texas. Maps courtesy of Colorado

Plateau Geosystems.
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Figure 3. Generalized stratiagraphic column for the Upper Cretaceous in Texas illustrating the ages, stage boundaries, macrofau-

nal zones, mega-cycles, 5!

C global isotope profile from the 2012 Geologic Time Scale (Ogg and Hinnov, 2012). Please note the

(1) relative positions of the Washita, Woodbine, Eagle Ford, and Austin groups, (2) onset the Western Interior ammonite zones
(base yellow) at the base of the middle Cenomanian Eagle Ford Group, (3) positive §'°C excursion associated with the OAE2
(red), which coincides with the base of the UEF, and (4) the surface naming convention used in this study, where the base of the
Woodbine Group is the K600sb, the base Eagle Ford Group is the K630sb, and the base Austin Group is the K720sb. Click here

for a high-resolution, large-format version of this image.

distinctive positive 8"3C signature, provides a useful chronostrati-
graphic maker suitable for regional and inter-regional correla-
tions within Late Cretaceous successions around the globe.
Bed-by-bed stratigraphic and palaeontologic studies by Cob-
ban and Scott (1972), and later Cobban (1985, 1993), at the base
Turonian stratotype near Pueblo, Colorado, documented abrupt
changes in the ammonite assemblages within the 20 ft (6 m)
OAE2 interval in this section (Fig. 4). At this locality, Cobban
(1985, 1993) noted the loss of typical latest Cenomanian ammo-
nites at six discrete levels within the lower 13.1 ft (4 m) of the
OAE2, spanning the biozones of Sciponoceras gracile
(Vascoceras diartanum and Euophaloceras septemseriatum sub-
zones) and, overlying (younger) Neocardioceras (Euophaloceras
navahopiensis, Neocardioceras juddi, and Nigericeras scotti
subzones). Cobban (1985, 1993), as well as Kennedy and Cobban
(1990), defined the base of the Turonian (Fig. 4), at the start of

the Watinoceras biozone (W. devonense subzone), and within the
overlying 6.6 ft (2 m) earliest Turonian portion of the OAE2 at
this locality, Cobban (1985, 1993) noted the loss of typical earli-
est Turonian ammonites at three discrete levels spanning the Wa-
tinoceras biozone (Watinoceras devonense, Pseudaspidoceras
Sflexuosum, and Vascoceras birchbi subzones).

In this paper, the Sciponoceras gracile, Neocardioceras, and
Watinoceras ammonite zones within the OAE2, will be respec-
tively referred to as zones I, II, and III from the base up (Fig. 4).
In terms of the 8"°C curve and the ammonite zones, the basal
zone I consists of the initial §'°C increase and then a decrease;
the middle zone II, consist of the main blocky part of the
3'°C excursion, while the uppermost zone III, consists of a funnel
-shaped drop off at the top of the excursion. In terms of the
OAE2 interval in the East Texas Basin, which is the geographic
focus of this study, the lowermost Sciponoceras gracile ammo-
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tures and ammonite zones and subzones. Click here for a high-resolution, large-format version of this image.

nite zone (zone I), is a very important part of the stratigraphic
story in the Dallas, Texas area, that is discussed later in this pa-
per.

The East Texas Basin (Fig. 1), which is the focus of this
paper, is one of the many Mesozoic sedimentary basins that de-
veloped along the southern margin of the North American craton
during the Triassic opening of the Gulf of Mexico (Jackson and
Seni, 1983). It is bounded by the Sabine Uplift to the east, the
Mexia-Talco Fault Zone to the north and west, the San Marcos
Arch to the southwest, and the Angelia-Caldwell Flexure to the
south (Fig. 1). Within the East Texas Basin, Jurassic Louann Salt
was deposited unconformably on Paleozoic basement rocks, and
Triassic rift-valley fill (Jackson and Seni, 1983). Subsequent salt
diapirism produced by loading from (1) deposition of a Lower
Cretaceous carbonate wedge, (2) progradation of thick Upper
Cretaceous siliciclastic units, to (3) uplift, erosion, and tilting of
the basin occurred, forming simple salt-cored anticlines (Jackson
and Seni, 1983). Adding to the structural complexity, key base-
ment features, such as the San Marcos Arch and Sabine Uplift,
were intermittently active in the Late Cretaceous, due to
Laramide tectonics (Jackson and Laubach, 1991). This far-field
Laramide compressional deformation, and associated uplift and
erosion, played a major role in setting up many of the sub-
unconformity traps in the East Texas Basin, like the super-giant
East Texas Field (Jackson and Laubach, 1991).

The Cretaceous succession within the East Texas Basin, one
of the most prolific hydrocarbon-bearing intervals and prove-
nances in the United States, for within this time and space occurs
the supergiant East Texas Field. In this field, fluvial-deltaic strata
of the Woodbine Group are the conventional reservoirs, the Eagle
Ford Group is the source rocks, and the Austin Group serves as
the seal and trap (Halbouty, 1991) Toward the end of the 20"
century, however, production in the East Texas Basin began to
switch toward unconventional reservoirs. This started with the
Austin Chalk. In the mid 1980s, Sun Exploration and Production
Company successfully utilized modern horizontal drilling tech-
niques to exploit the fractured Austin Chalk Play (Zuckerman,
2013). More recently, industry has utilized horizontal wells, and
fracking to unlock Upper Cretaceous source rock and tight rock
plays within the Woodbine and Eagle Ford groups in the southern
East Texas Basin (Hentz et al., 2014).

Recent work by Hentz et al. (2014) in the southern East Tex-
as Basin, has highlighted a major stratigraphic problem (Fig. 5)
in the southern East Texas Basin. Geoscientists working in the
subsurface are no longer sure, as to what is coeval to the early
Cenomanian Woodbine Group, or to the middle Cenomanian to
late Turonian Eagle For Group, as defined and mapped along the
outcrop belt on the western flank of the basin. As a result, strata
between the Buda and Austin in the southern East Texas Basin
are now commonly referred to as the “Eaglebine.” To add further
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Figure 5. Type well in the southern East Texas Basin illustrates the various interpretations for the “Eaglebine” succession in the
southern East Texas Basin. In previous studies, the Lower Eaglebine “resistivity zone” (colored blue) within the East Texas Ba-
sin have been assigned to either the (1) basal portions of the Pepper Shale (Woodbine Group) or (2) Maness Shale of the Washi-
ta Group. In this study, these strata were assigned to the False Buda Formation (unit 1), the Pepper Shale (unit 2), and the LEF
(unit 2). Please note the “classic top resistivity marker” of Turner and Conger (1981, 1984), which they used to define the base
of the Woodbine “Harris delta,” as well as the top of the Woodbine “Freestone delta. In this study, this surface was interpreted
as the K650sb, at the base of the UEF. Click here for a high-resolution, large-format version of this image.

complexity to the issue, a major juxtaposition in the stratigraphic
position of high-resistivity, organic-rich source rock facies also
occurs between the outcrop belt and the southern East Texas Ba-
sin. As illustrated on Figure 5, previous researchers assigned and
interpreted organic-rich “Eaglebine resistivity zone” in the south-
ern East Texas Basin to either the (1) basal portions of the Pepper
(Shale) Formation, interpreted as coeval to the Woodbine Free-

stone delta (Oliver, 1971; Turner and Conger, 1981, 1984) or
(2) Maness Shale of the Washita Group, which predates the
Woodbine Group (Adams and Carr, 2010; Hentz et al., 2014,
Denne et al., 2016). Along the outcrop belt to the northwest, sim-
ilar organic-rich, high-resistivity mudstones occur at the base of
the Eagle Ford Group (Figs. 6 and 7), where they overlie Al-rich,
but total organic content (TOC)— and Ca—poor mudstones of the
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high-resolution, large-format version of this image.

Woodbine Group (Donovan et al., 2015). Resolving the strati-
graphic inconsistencies between the outcrop belt, and the subsur-
face in the East Texas Basin is the focus of this paper.

CRETACEOUS STRATIGRAPHIC OVERVIEW

In the late 19" and early 20" century, outcrops of the Creta-
ceous System across Texas were classically divided into what
were originally interpreted as a “Lower Cretaceous” Comanche
Series, and an “Upper Cretaceous” Gulfian Series (Adkins,
1932). However, with the adoption of the International Time
Scale over the last 50 yr (Ogg and Hinnov, 2012), the relative
placement of the base Cenomanian changed, and the classic base
Gulfian (Woodbine) now occurs within the early Cenomanian,
near the base of the Grayson Formation (Fig. 3).

Within the classic Gulf Coast Comanche Series (Fig. 3), the
Trinity, Fredericksburg, and Washita groups were defined from
the base up (Adkins, 1932). In the Gulfian Series (Fig. 3), the
unconformity-bounded Woodbine, Eagle Ford, Austin, Taylor,
and Navarro groups were defined (Adkins, 1932). In the East
Texas Basin, the Washita Group, at the top of the Comanche
Series, commonly is subdivided into three Formations, which
from the base up are the Georgetown, Grayson, and Buda For-
mations (Fig. 3). In this study, the Kiamichi Shale, which tradi-
tionally is placed at the top of the underlying Fredericksburg
Group (Adkins, 1932) is included as the basal member of the
Georgetown Formation within the Washita Group (Fig. 3). Last-
ly, a calcareous mudstone, informally termed the False Buda
(Hentz et al., 2014), which locally occurs between the Buda For-

mation and Woodbine groups, is interpreted as the unconformity-
bounded False Buda Formation in this study (Fig. 3).

In terms of the classic Gulfian Series, Hill (1887) originally
referred to the sandstone-prone strata, at the base of his “Gulfian
Series,” as the Timber Creek Group, a name he subsequently
changed to the Woodbine Group (Hill, 1902), when the type lo-
cality for this unit was defined near the town of Woodbine, Texas
in eastern Cooke County, approximately 60 mi north of Dallas,
Texas (Fig. 8). In the Dallas area, Adkins (1932) subdivided the
Woodbine into its now classic 3—fold lithostratigraphic subdivi-
sion, which consists of (1) a basal (mudstone-prone) Pepper For-
mation, (2) a middle (sandstone-prone) Dexter Formation, and
(3) an upper, more mudstone-prone, Lewisville Formation. This
tripartite framework was utilized in many subsequent Woodbine
subsurface studies in the East Texas Basin, such as in the work of
Oliver (1971).

Besides defining the Woodbine Group, Hill (1887) also de-
fined the Eagle Ford, as the mudstone-prone strata situated be-
tween Timber Creek/Woodbine (below) and Austin (above). The
type locality was the town of Eagle Ford, located on the south
bank of the Trinity River in western Dallas County (Fig. 8). Ad-
kins (1932) elevated the Eagle Ford to group level, and based on
biostratigraphic input from W. L. Moremon, divided the Eagle
Ford Group in the Dallas area into three formations, which he
named the Tarrant, Britton, and Arcadia Park from the base up
(Fig. 6). The basal Tarrant Formation is a thin (15-20 ft [4.6-6.1
m]) fossiliferous unit containing interbedded limestones, sand-
stones and mudstones. The Tarrant Formation is important be-
cause its basal beds contains the ammonite Colineoceras tarran-
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tense. This ammonite is of interest (Fig. 3) because (1) its first
occurrence marks the base of the middle Cenomanian on geolog-
ic time scale; and (2) it is the first (oldest) ammonite found in the
Gulf Coast, as well as in the southern portions of the Cretaceous
Western Interior Seaway, thus marking the time of the initial
incursion of the Tethyan Seas into southern portions of the Creta-
ceous Western Interior Seaway (Fig. 3). Overlying the Tarrant
Beds in the Dallas area is the Britton Formation, which was de-
scribed as being more mudstone-prone than the basal Tarrant in
its basal portions, and becoming more interbedded with sand-
stones in its upper two thirds (Adkins, 1932; Brown and Pierce,
1962). Finally, the uppermost Arcadia Park Formation was de-
fined based on being more mudstone-prone than the underlying
Britton Formation (Adkins, 1932; Brown and Pierce, 1962). For
context, In a research borehole in the Dallas area, Brown and
Pierce (1962) reported that the Eagle Ford Group was 474 ft (144
m) thick, with the Tarrant, Britton, and Arcadia Park formations
being respectively 20 ft (6 m), 334 ft (101 m), and 120 ft (36.6
m) in thickness. In this borehole, they also noted a more benton-
ite-rich, 82 ft (25 m) thick Lower Britton, and a bentonite-poor,
and more sandstone-prone, 252 ft (76.8 m) thick Upper Britton.
In the adjacent outcrops, Kennedy (1988) assigned the thick,

Red River

Upshur

for the Eagle Ford Group in the East Texas Basin

Figure 8. Detailed map of the
East Texas Basin illustrating
(1) outcrop belt along the west-
ern margin of the basin, (2) loca-
tion of the GC-1, GC-2, and in-
dustry core, (3) type wells in the
northern East Texas Basin and
southern East Texas Basin, and
(4) the location of the well-log
cross-sections included in this
N paper.

more sandstone-prone, Upper Britton strata to the late Cenomani-
an Sciponoceras gracie ammonite zone, which as mentioned
previously (Fig. 4), is restricted to the basal zone I of the OAE2,
at the base Turonian stratotype in Pueblo, Colorado.

In contrast to the Dallas area, Adkins and Lozo (1951) divid-
ed the Eagle Ford Group along the outcrop belt from Waco to
Austin (Fig. 6) into a lower, more carbonate- and bentonite-rich,
Lake Waco Formation and an upper, more carbonate- and ben-
tonite-poor South Bosque Formation. In a Mobil Research bore-
hole in the Waco area (Fig. 8), Brown and Pierce (1962) reported
that the Eagle Ford Group was 199 ft (60.1 m) thick with basal
Lake Waco Formation being 79 ft (79 m) thick and the upper
South Bosque Formation being 120 ft (36.6 m) thick. In this re-
gion, Adkins and Lozo (1951) divided the basal Lake Waco For-
mation into three members, named from the base up the (1) Blue-
bonnet, (2) Cloice, and (3) Bouldin (Fig. 6). Within this frame-
work, the middle Cloice Member was interpreted as being more
mudstone-prone and bentonite-rich, and the other two members
were descried as intervals dominated by interbedded mudstones
and limestones. Adkins and Lozo (1951), also observed, that
within their study area from Hill County to the north to Travis
County to the south, the Woodbine Group changed from a more
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sandstone-prone (Dexter) to mudstone-prone (Pepper) facies, as
well as thins dramatically toward the southwest. They also stated
that the mudstone-prone Pepper facies could not be mapped in
outcrop “...south or west of the south boundary of Travis Coun-
ty” (Fig. 8).

In South Texas (Fig. 6), where the Woodbine equivalent
deposits are thin or absent strata between the Buda Formation
(below) and the Austin Group (above) are mapped as the Eagle
Ford Group (Donovan et al., 2012, 2016). In this region, a more
organic-rich, (unconformity-bounded) Lower Eagle Ford For-
mation (LEF) and more carbonate-rich (unconformity-bounded)
Upper Eagle Ford Formation (UEF) were also defined and
mapped (Donovan et al., 2012, 2016). The same LEF and UEF
chronostratigraphic and lithostratigraphic framework into the
outcrops of West Texas by Donovan et al. (2012). In both South
Texas and West Texas, the base of the UEF, coincides with the
onset of the positive carbon isotope (8"C) excursion associated
with the OAE2 (Donovan et al., 2016). This §'°C excursion pro-
vides a useful chronostratigraphic marker to help define latest
Cenomanian strata, as well as the base of the UEF across Texas
(Fig. 6).

The LEF/UEF surface-based sequence stratigraphic frame-
work was carried into the outcrops and shallow subsurface along
the west flank of the East Texas Basin (Donovan et al., 2015).
Within this framework (Fig. 6), the base of the UEF occurs with-
in the upper portions of the Lake Waco Formation in the Waco
area, and within the Britton Formation (Fig. 6) in the Dallas area.
Similar to South Texas, two members (sequences) within the
LEF and two members (sequences) within the UEF were origi-
nally defined (Fig. 6). These members (sequences) from the base
up are: Lower Member of the LEF (LM:LEF); Upper Member of
the LEF (UM:LEF); Lower Member of the UEF (LM:UEF); and
Upper Member of the UEF (UM:UEF). More recently, Donovan
et al. (2019), based on new data from a USGS core in the Dallas
area (Fig. 6) proposed a more Ca— and TOC—enriched Middle
Member of the UEF (MM:UEF).

In summary, along the outcrop belt of the East Texas Basin,
organic- and Ca-rich, middle to late Cenomanian-aged LEF stra-
ta, overlie argillaceous-rich, TOC— and Ca—poor, early Cenoma-
nian-aged strata of the Woodbine Group.

PREVIOUS WORK:
SOUTHERN EAST TEXAS BASIN

In the southern portions of the East Texas Basin strata equiv-
alent to the Woodbine and Eagle Ford groups were initially stud-
ied by Oliver (1971), Turner and Conger (1981, 1984), and Berg,
1986. These efforts recognized an older Freestone delta and
younger Harris delta system (Fig. 5). In terms of separating these
units, Turner and Conger (1981, 1984) identified a regional “top
resistivity marker” (Fig. 5), which they used to define the base of
the “Harris delta,” and thus top of the underlying (older)
“Freestone delta.”

While these workers all suggested that the younger “Harris
delta” might be age equivalent, in part, to the Eagle Ford Group
along the outcrop belts to the west, in terms of terminology (Fig.
5) they followed a more lithostratigraphic approach, by designat-
ing the sandstones between the Buda Formation and the Austin
Group, as the Dexter Formation of the Woodbine Group, which
in turn made the underlying mudstone-prone strata, the Pepper
Formation of the Woodbine Group.

More recently, Adams and Carr (2010), reinterpreted Turner
and Conger’s (1981, 1984) “high resistivity” zone as the Maness
Shale (Fig. 5). For context, the Maness Shale was originally de-
fined as an early Cenomanian (pre-Woodbine) shale, belonging
to the underlying Washita Group (Bailey et al., 1945; Lozo,
1951). A Maness interpretation for these high-resistivity mud-
stones (Fig. 5) was also followed by Hentz et al. (2014), as well
as Denne et al. (2016).

In terms of the paradigm of the “Eaglebine” in the southern
East Texas Basin, whether the basal “resistivity mudstones,” are
assigned to the Pepper Formation, or older, Maness Formation,
the net result is the same (Fig. 5). Both of these interpretations
create a lithostratigraphic juxtaposition for the age and relative
position of the “high-resistivity” interpreted organic-rich, mud-
stones as mapped along the outcrop belt to the west, and southern
East Texas Basin to the southeast. Along the outcrop belt, Ca—
and TOC-rich, middle to late Cenomanian, high-resistivity LEF
mudstones unconformably overlie the Woodbine Group (Fig. 7).
In the southern East Texas Basin (Fig. 5), similar high resistivity
(TOC-rich facies), are interpreted as being older then the Eagle
Ford Group, and are placed at either (1) in the Pepper Formation
of the Woodbine Group (Oliver, 1971; Turner and Conger, 1981,
1984) or (2) beneath the Woodbine Group, as the Maness For-
mation of the Washita Group (Adams and Carr, 2010; Hentz et
al., 2014; Denne et al., 2016).

In contrast to a Pepper Shale, or Maness Shale, interpreta-
tions for the “Eaglebine resistivity zone” in the southern East
Texas Basin, a recent XRF study utilizing industry cores by Mey-
er et al. (2021) revealed that the strata typically assigned to the
Maness actually consist of a vertical facies succession of four
very distinct petrophysical and geochemical zones (Fig. 9), here-
in termed units 1, 2, and 3 from the base up. Unit 1 (Fig. 9) is
characterized by (1) low GR and elevated resistivity, (2) high
Ca, and (3) low TOC and Al. Unit 2 (Fig. 9) is characterized by
(1) moderate GR and low resistivity, (2) low Ca and TOC,
and (3) high Al, Si, and Ti. Unit 3 (Fig. 9) is characterized by
(1) elevated GR and resistivity, (2) elevated Ca and TOC, and
(3) lower Al-, Si-, and Ti-content, especially in the basal portions
(3a subzone). Based on these findings (Fig. 9), Meyer et al.
(2021) assigned unit 1, to Buda Formation (False Buda); the mid-
dle unit 2, to the Pepper Shale Formation of Woodbine Group,
and the upper unit 3, to the LEF. In terms of the overlying low-
resistivity “Harris delta” mudstones within the “Eaglebine” Mey-
er et al. (2021), included them as a separate unit, herein referred
to as unit 4, and assigned it to UEF (Fig. 9).

PURPOSE AND METHODS

Three distinctly different paradigms presently exist as the for
stratigraphic assignment for the “Eaglebine” succession in the
southern East Texas Basin (Fig. 5). The first paradigm (Fig. 5)
assigns the entire “Eaglebine” to Woodbine Group (Oliver, 1971;
Turner and Conger, 1981, 1984; Berg, 1986). The second para-
digm (Adams and Carr, 2010; Hentz et al., 2014; Denne et al.,
2016) assigns the basal “high-resisitivity” zone of the “Lower
Eaglebine” to the Maness Shale, and the overlying “Upper Ea-
glebine” low-resistivity mudstones to the Pepper Shale of Wood-
bine Group (Fig. 5). The third paradigm (Meyer et al., 2021)
assigns the “Eaglebine” to a variety of different stratigraphic
units (Fig. 5), which from the base up are the Buda Formation
(unit 1), the Pepper Shale (unit 2), the LEF (unit 3), and the UEF
(unit 4). In this third paradigm (Fig. 5), the bulk of the
“Eaglebine” is actually interpreted to be coeval to the Eagle Ford,
not the Pepper Shale (Woodbine Group), or older Maness For-
mation.

In order to evaluate these three different interpretations
for the “Eaglebine,” as well as to better understand the chrono-
stratigraphic relationships between the Woodbine and Eagle
Ford groups as defined along the outcrop belt, and their coeval
equivalents in the southern East Texas Basin, a detailed sequence
stratigraphic framework was conducted using geochemical data
from cores, tied to a grid of well-log cross-sections (Fig. 8).
Key to this approach was defining and mapping key sequence
stratigraphic surfaces: sequence boundaries (sb), transgressive
surfaces (ts), and maximum flooding surfaces (mfs) within
the Woodbine and Eagle Ford groups along the more mudstone-
prone western margin of the basin, near the outcrop belt, and
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correlating these surfaces and sequences, into the southern East
Texas Basin. This contrasts with previous work (Hentz et al.,
2014), which correlated into the southern East Texas Basin,
from the eastern, more sand-prone (nonmarine), portions of
the basin, where sequence surface identification is more problem-
atic, and the Eagle Ford Group is commonly missing due to
regional truncation beneath the base Austin unconformity
(Halbouty, 1991). In order to define key surfaces, systems
tracts, and sequences; geochemical work (x-ray fluorescence
[XRF], TOC, and 613C0rg isotope analysis) on key cores along
the outcrop belt (USGS GC-1 and GC-2), as well as a key indus-
try core in the southern East Texas Basin. was included as part
of this study (Fig. 8). In these wells, the petrophysical and TOC
data was provided by the operators, while the XRF and ES”C(,rg
analysis was conducted by researchers at Texas A&M Universi-
ty.

Trace element concentrations determined by XRF che-
mostratigraphy was a critical aspect of this study. These ele-
mental data (Table 1) provides information on (1) mineral prox-
ies, (2) depositional processes, (3) paleo oxic/redox conditions,
(4) organic matter concentrations, and (5) mudstone composi-
tions for regional correlations. For example, Ca, Si, and Al were
used as proxies for carbonate, quartz, and clay input respectively
in this study. Al, Si, and Ti were interpreted to indicate detrital
input in depositional processes (Calvert and Pedersen, 1993). Fe,
Mo, Mn, and V provide information on palaeoceanographic oxic/
redox conditions (Algeo and Rowe, 2012), whereas potential
source rock organic matter preservation can be determined by
Mo and Va (Tribovillard et al., 2006). It was also hoped that the
XRF chemostratigraphic data, could be used with TOC, as well
as 8"°C, data to better define chronostratigraphic units suitable for
regional correlations.

Interpreted sequence boundaries (SB) were based in defining
surfaces that (1) displayed truncation of underlying stratal mark-
ers on regional well-log cross-sections and/or (2) abrupt facies,
geochemical, and/or petrophysical changes. Transgressive surfac-
es (ts) were defined by onlap below interpreted depositional shelf
breaks, whereas maximum flooding surfaces (mfs) were defined
by (1) high—-GR zones separating more bell-shaped GR patterns
(below) from funnel-shaped GR patterns (above) and (2) inter-
preted stratal downlap on the regional well-log cross-section.

Cross-sections were hung, and correlated, on multiple da-
tums (K600sb, base Woodbine; K650mfs, within the LM:UEF;
K670sb, base MM:UEF; and K720sb, base Austin) in order to
gain different perspectives on stratal terminations, as well as an-
gular discordance of strata.

A key aspect of this work, was to construct and interpret
well-log cross-sections, that contained as many recent wells, with
GR curves, as possible. To accomplish this, an important well-
log source was the Texas Water Development Board’s BRACS
database, which provided abundant shallow oil and gas wells, as
well as modern water wells, with GR curves. This database pro-
vided well-log data that greatly facilitated the surface to subsur-
face correlations ties in this study. Many previous studies
(Oliver, 1971; Turner and Conger, 1981, 1984; Adams and Carr,
2010) had constructed well-log cross-sections which utilized
older wells with only spontaneous potential (SP) and resistivity
curves.

As illustrated on our type well for the northern part of the
study area (Fig. 10), GR logs were critical throughout the study
area for defining and placing the (K630) sequence boundary at
the base of the Eagle Ford Group, since Eagle Ford mudstones
consistently have higher background GR values, then mudstones
of the underlying Woodbine Group.

Table 1. Trace element concentrations determined by XRF chemostratigraphy was a critical aspect of this study (modified after
McCreary [2022]). These elemental data provides information on (1) mineral proxies, (2) depositional processes, (3) paleo oxic/
redox conditions, (4) organic matter concentrations, and (5) mudstone compositions for regional correlations.

Element Proxy References
Al & K Clay & Feldspar Pearce & Jarvis (1992); Tribovillard et al. (2006)
Ca Calcareous Input Banner (1995); Tribovillard et al. (2006)
Si Quartz (Terrigenous & Biogenic) Pearce & Jarvis (1992); Sageman and Lyons (2004)
Ti Terrigenous Input Calvert and Pederson (1992); Zabel et al. (2001);
9 P Sageman and Lyons (2004)
Ni Organic Matter/Micronutrients in the Water Column Tribovillard et al. (2006)
Fe Redox Sensitivity Tribovillard et al. (2006)
Redox Sensitivity Tribovillard et al. (2006)
Phosphate Accumulation/ Upwelling Tribovillard et al. (2006)
o . Calvert and Pederson (1992); Sageman and Lyons
Mn Redox Sensitivity (Oxic Bottom Water) (2004); Tribovillard et al. (2006); Brumsack (2006)
. . Pomerol (1976); Scholle (1977); Renard (1979);
Sr Carbonate Source & Diagenetic Influence Banner (1995); Tribovillard et al. (2006)
e . Helz et al. (1996); Sageman and Lyons (2004);
v Redox Sensitivity (Bottom Water Anoxia) Tribovillard et al. (2006); Algeo and Rowe (2012)
Ba Paleoproductivity Robin et al. QL?SS&%TF(ZB?sF;aytan (2012);




Unraveling the “Eaglebine”: A Sequence Stratigraphic Framework

Dallas County

for the Eagle Ford Group in the East Texas Basin 17

Figure 10. Type Eagle Ford well
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In this paper, sequence stratigraphic surfaces are numbered 0
to 999 from the base up for each geologic period. In the Creta-
ceous, the surfaces are preceded by the prefix K, for Cretaceous
and the suffix sb (sequence boundary), mfs (maximum flooding
surface), or ts (transgressive surface), in order to differentiate
stratal types. For this study (Figs. 3 and 6), key surfaces include
the (1) K600sb at the base of the Woodbine Group, (2) K630sb at
the base of the Eagle Ford Group, and (3) K720sb at the base of
the Austin Group. Another key boundary to note is the K650sb,
which defines the base of the UEF. As mentioned previously, this
boundary also corresponds the base (onset) of the positive §"°C
excursion associated with the OAE2. Finally, stratification
(bedding) follows the classification of Campbell (1967).

RESULTS
USGS GC-2

The USGS GC-2 borehole is located near the type locality
of the Eagle Ford Group, in Eagle Ford Texas (Fig. 8) just south
of Texas. The well cored an approximate 750 ft (227 m) interval
that spanned the basal Austin Group through the uppermost 118
ft (40 m) of the Woodbine Group. Unfortunately, a complete set

of borehole logs cover only the uppermost 510 ft (155.4 m) of the
well, but core GR data extends to the base of the core (Fig. 11).
The petrophysical and geochemical data, as well as the provincial
lithostratigraphy, adjacent outcrop biostratigraphy, and sequence
stratigraphic framework from this study, are plotted on Figure 11.
In this well, the Eagle Ford Group is 464 ft (141.4 m) thick, and
as mentioned previously, the uppermost 118 ft (40 m) of the
Woodbine was also collected. For context, in the nearby northern
East Texas Basin type well in Dallas County (Fig. 10), the Eagle
Ford Group is 480 ft (166.3 m) thick, and the complete underly-
ing Woodbine Group, is 370 ft (113 m) thick. The base of Eagle
Ford Group (Fig. 11) is placed at the base of the classic Tarrant
Formation in the GC-2. In this core, the base of the Tarrant For-
mation consists of a 4 ft (1.2 m) thick limestone, that has distinct
rip-up clasts at its base. In the adjacent outcrops, the same basal
Tarrant limestone bed contains the ammonite Conlinoceras tar-
rantense. As mentioned previously, this ammonite (Fig. 3) is
important because (1) its first occurrence marks the base of the
middle Cenomanian and (2) it is the first (oldest) Upper Creta-
ceous ammonite found in both Gulf Coast and Cretaceous West-
ern Interior Seaway, marking the time that the Boreal sea waters
first encroached into the southern portions of the Cretaceous
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Ammonite biostratigraphy from adjacent outcrops (Kennedy, 1988)

Figure 11. Petrophysical and geochemical data of the USGS GC-2 core near Dallas, as well as the ammonite data of Kennedy
(1988) from the adjacent outcrops. Please note (1) Ca— and TOC—poor Woodbine: Ca- and TOC-rich LEF; Ca- and TOC-poor
UEF, and (4) 230 ft (70 m) thick positive 5'°C excursion in the LM:UEF, which based on the adjacent outcrops is confined to the
basal Sciponoceras gracile ammonite zone at the base of the OAE2 (zone I). Click here for a high-resolution, large-format ver-

sion of this image.

Western Interior Seaway in the Upper Cretaceous. In this core,
the basal limestone bed in the Tarrant Formation (Fig. 11), sepa-
rates Ca—, Mo—, and TOC—poor, non-fossiliferous mottled green-
ish gray Woodbine mudstones and sandstones (below), from
fossiliferous, medium to dark gray, Ca—, TOC—, Mo—enriched
mudstones interbedded with thin sandstones, as well as lime-
stones, of the Eagle Ford Group (above). Fortunately, this distinct
lithologic contact also coincides with a distinct GR increase, that
can be readily seen in the core GR plot in this well (Fig. 11), as
well in the other wells across the study area, such as the northern
East Texas Basin type (Fig. 10), and southern East Texas Basin
type well (Fig. 5). Based on the geochemical, lithologic, and im-
portant biostratigraphic changes that occurs across this contact,
an unconformity, the K600sb is placed at the base of the Eagle
Ford Group in the GC-2 (Fig. 11)

In terms of the LEF in this core, it is 98 ft (29.9 m)
thick, and can be characterized overall as a high—GR/resistivity
interval, that is rich in Ca, TOC, and Mo (Fig. 11). This contrasts
with  underlying Woodbine Group that contains mudstones
which (1) have lower GR and resistivity, (2) are rich in Al,
and (3) are poor in Ca, Mo, and TOC. Following the work of
Donovan et al. (2015), the LEF in the GC-2 can readily be divid-
ed (Fig. 11) into a lower/older, bentonite-poor LM:LEF, as well
as an upper/younger, bentonite-rich UM:LEF. An unconformity,
the K640sb, is placed at the base of the LM:LEF due to the
change from bentonite-poor to bentonite-rich strata, which
suggest two distinctly different chronostratigraphic units (Fig.
11).

The base of the UEF is denoted by a distinct GR decrease
that also corresponds to (1) a decrease in TOC, Mo, Ni, Sr, Va,
and Ca; (2) an increase in Al, Fe, and T1 (3) a resistivity de-
crease, and (4) the onset of a positive 8'°C excursion interpreted
as the OAE2 (Fig. 11). In the adjacent outcrops in the Dallas area
(Fig. 11), Kennedy (1988) noted that the first occurrence of the
ammonite Sciponoceras gracile, which denotes zone I of the
OAE2 in Pueblo (Fig. 4), also coincides with the base of the Up-
per Britton (UEF). Lithologically, in the core, this contact coin-
cides with an abrupt change from dark gray, organic- and benton-
ite-rich calcareous mudstones (below) to light gray organic-poor,
argillaceous-rich, mudstones that are interbedded with thin sand-
stones (above). Based on the abrupt petrophysical, geochemical,
and biostratigraphic changes that occur across this boundary, an
unconformity, the K650sb, is placed at the base of the UEF (Fig.
11).

The LM:UEF, colored yellow on Figure 11, is a 230 ft (70
m) interval that that coincides with the main posmve 8'*C isotope
excursion interpreted as the OAE2. Kennedy’s (1988) ammonite
work on the adjacent outcrops revealed that this thick stratigraph-
ic unit is confined to the Sciponoceras gracile ammonite zone,
which is restricted to the basal 6.6 ft (2 m) of the OAE2 at the
type locality in Pueblo, Colorado (Fig. 4). Clearly, an important
learning from this core, is that that there was a major deltaic
depocenter located in the Dallas area at the onset of the OAE2
(Fig. 11).

The overlying, MM:UEF, which is colored green on Figure
11, is a 93 ft (28.3 m) Ca— and TOC—enriched interval with ele-
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vated resistivity, as well as GR readings. The petrophysical (high
resistivity) characteristics of this unit make it useful for differen-
tiating the MM:UEF from the underlying LM:UEF, as well as
overlying UM:UEF, on individual wells (Figs. 10 and 11), as
well as on regional well-log cross-sections. A distinct 2 ft (0.6 m)
fossiliferous limestone bed, which is the adjacent outcrops is
called the Kemp Ranch Limestone (Kennedy, 1988), occurs
about 10 ft (3 m) above the base of this unit.

The base of the MM:UEF, coincides with the base of
the provincial Arcadia Park Formation, as well as the end of the
positive 8*C excursion in this core (Fig. 11). Lithologically,
this boundary coincides with an abrupt change from blueish-gray,
massive mudstones (below), to brownish gray, laminated
mudstones with scattered thin limestone beds (above). In the
adjacent outcrops (Fig. 11), Kennedy (1988) observed ammonites
of the Late Cretaceous Sciponceras gracile zone (OAE zone I)
directly below this contact, and ammonites of the early Turonian
Watinoceras ammonite zone (Pseudaspidoceras flexuosum
and Vascoceras birchbyi), OAE zone II directly above. Thus
compared to the type “base Turonian” section at Rock Creek,
Colorado (Fig. 4) ammonites of the latest Cretaceous and earliest
Turonian (OAE zone II), are missing across this contact (Fig.
11). Based on this interpreted biostratigraphic hiatus, Kennedy
(1988) placed an unconformity at this contact. In this study,
based on the lithological and geochemical changes that occur
across this contact in the core (Fig. 11), as well as the biostrati-
graphic break, associated with this contact in the adjacent out-
crops, an unconformity (K670sb), is placed at the base of the
MM:UEF.

The UM:UEF, which is colored lavender on Figure 11, is
a 40 ft (12.2 m), Al- and Si—enriched, TOC- and Ca—poor,
mudstone-dominated succession, that overall has higher GR
and lower resistivity values than the underlying MM:UEF. In
core, the base of the UM:UEF coincides with an abrupt change
from dark greenish-gray mudstones (below) to medium greenish
gray mudstones interbedded with very thin to thin sandstone
beds. Based on the abrupt lithologic, geochemical, and petro-
physical changes that occur across this contact, an unconformity,
the K700sb is placed at the base of the UM:UEF (Fig. 11). Final-
ly, the base of the Austin Group (Fig. 11), shows an abrupt drop
in GR, Al, Si, Ti, Fi, and V, as well as concurrent increase in
resistivity, Ca, Mn, Ni, and Sr. In core these petrophysical and
geochemical changes coincide with a change from dark gray
mudstones interbedded with thin sandstones (below) to highly
bioturbated light gray wackestones interbedded with darker gray
calcareous mudstones (above). Based on the abrupt lithologic,
petrophysical, and geochemical changes across this contact,
an unconformity, the K720sb, is placed at the Austin Group (Fig.
11).

In summary, key learnings from the GC-2 core (Fig. 11) are
(1) Ca— and TOC-rich LEF mudstones overliec Ca— and TOC—
poor, Al- and Ti-rich Woodbine strata, and are in turn overlain
by Ca— and TOC—poor, Al- and Ti-rich strata of the LM:UEEF;
(2) the thickness of the positive 8"°C signature in the GC-2 core
indicates that a major depocenter existed in the Dallas area at the
onset of the OAE2; and (3) a significant biostratigraphic hiatus/
unconformity (K670sb) exists at the base of the MM:UEF in the
Dallas area.

Subsurface: Northern East Texas Basin

Well-log cross-section EW-300 (Fig. 8) is a regional line
that provides a subsurface perspective across the northern East
Texas Basin. This well-log cross-section (Fig. 12) goes from
Dallas County to the west to Smith County to the east, a distance
of about 85 mi (137 km). The GC-2 well (Fig. 11) is located on
western end of the line, while the type well for the northern East
Texas Basin (Fig. 10), is located next to the GC-2. EW-300 (Fig.
12) is datumed on the K720sb, which is the unconformity at the

for the Eagle Ford Group in the East Texas Basin

base of the Austin Group. This cross-section follows the color
codes for the sequences identified in the GC-2 core (Fig. 11),
however to simply things, the LEF is simply colored gray. On
this (Fig. 12), as well as on the other cross-sections, the Wood-
bine Group is colored orange, the False Buda Formation (aqua),
and the Buda Formation (medium blue).

Starting from the base up (Fig. 12), the interpreted
K600sb, or base Woodbine Group unconformity, sequentially
truncates the False Buda Formation, and then the Buda
Formation from east to west. The interpreted K630sb, or base
Eagle Ford unconformity, sequentially truncates underlying
Woodbine strata (orange) from east to west. The K650sb, at the
base of the UEF (LM:UEF), truncates the LEF to the east (Fig.
12). Thus, in eastern Van Zandt and Smith counties, the LM:UEF
is unconformably juxtaposed on the Woodbine Group. The
three members of the UEF, unlike the underlying Washita
and Woodbine groups, extend fairly continuously across this
cross-section (Fig. 12). Finally, the K800sb at the base of the
overlying Taylor Group appears to incise into the top of the Aus-
tin Group with apparent reciprocal fill of overlying basal Taylor
strata.

In summary, a key learnings from well-log cross-section
EW=-300 (Fig. 12), are that the (1) base Woodbine unconformity
(K600sb) truncates underlying “Upper Washita” strata to the
west, (2) base Eagle Ford unconformity (K630sb), also truncates
Woodbine strata to the west, (3) base UEF unconformity
truncates the LEF to the east, and (4) unless truncated by the
K650sb, the Ca— and TOC-rich LEF deposits, separate Al- and
Ti-rich, but Ca— and TOC—poor Woodbine strata below, from
Al- and Ti-rich, but Ca— and TOC—poor strata of the LM:UEF
(above).

Subsurface: Dallas to Austin

Well-log cross-section NS—-200 (Fig. 8) is a regional line that
provides a subsurface perspective of along the western margin of
the East Texas Basin, close to the outcrop belt. This cross-section
(Fig. 13) goes from Dallas County to the north to Travis County
to the south, a distance of about 225 mi (362 km). The GC-2
well (Fig. 11) is located near the northern end of the line, while
the GC-1 well (Fig. 7), is located near the central portions of this
line. NS-200 (Fig. 13) is datumed on the K700sb, which is the
unconformity at the base of the MM:UEF.

Starting from the base up (Fig. 13), the interpreted K600sb,
or base Woodbine Group unconformity, sequentially truncates
the Buda Formation from south to north. Thus, along most of this
well-log traverse, the Woodbine Group is unconformably juxta-
posed the Grayson Formation (Fig. 13). The interpreted K630sb,
or base Eagle Ford unconformity, sequentially truncates underly-
ing Woodbine strata from north to south (Fig. 13). This results in
drastic thinning of the Woodbine Group, and the preservation of
only the lowermost mudstone-prone strata of the lowermost Pep-
per Formation to the south (Fig. 13). On this line (Fig. 13), the
K650sb at the base of the UEF, appears to have little effect on the
thickness variations of the underlying LEF (gray). In sharp con-
trast, the LM:UEF (yellow) thins drastically from north to south,
and is totally absent south of Bell County, due to interpreted trun-
cation beneath the K670sb (Fig. 13). In general across NS—-200
(Fig. 13), the MM:UEF (green), thin to the south due to trunca-
tion beneath the K700sb, while the UM:UEF (lavender) also
thins to the south, especially south of Bell County, due to trunca-
tion interpreted beneath the K720sb, base Austin Group uncon-
formity.

In summary, key learnings from well-log cross-section NS—
200 (Fig. 13) are (1) the Buda is truncated to the north by the
K600sb, (2) the LM:UEF thins and is eventually totally truncat-
ed, to the south, beneath the K670sb, and (3) high-resistivity
(organic-rich) LEF mudstones overlie low-resistivity Woodbine
mudstones.
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and then the Buda formations to the west, (2) the K630sb at the base of the Eagle Ford Group thins the underlying Woodbine
Group to the west, and (3) the K650sb at the base of the UEF truncates the LEF to the east. Thus on the eastern end of the line
the UM:UEF is unconformably juxtaposed on the Woodbine Group. Click here for a high-resolution, large-format version of this

image.

USGS: GC-1

The USGS GC-1 borehole located near Waco, Texas (Fig.
8) cored the uppermost Georgetown through the basal portions of
the Austin Group. The petrophysical, geochemical, and lithologic
data, as well as the provincial lithostratigraphy, and sequence

stratigraphic interpretation, from this for the upper portions of
this core, are plotted on Figure 7. Unlike the Dallas area type
well (Fig. 10), where the Woodbine Group was sandstone-
dominated, and 370 ft (113 m) thick, in the GC-1 core (Fig. 7)
the Woodbine Group is mudstone-dominated, and only 43.5 ft
(13.25 m) thick. Similarly, while the Eagle Ford Group was 464
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ft (141.4 m) thick in the GC=2 core (Fig. 11), in the GC-1 core
(Fig. 7), the Eagle Ford Group is just 199 ft (60.7 m) thick.

In terms of the base of the Woodbine Group in the GC-1
core, (Fig. 7), like the GC-2 (Fig. 11), the Woodbine is juxta-
posed on the Grayson Formation, and the False Buda as well as
the underlying Buda Formation proper are absent. The Grayson/
Woodbine contact (Fig. 7) is marked a distinct (upward) resistivi-
ty drop, that corresponds to a change from massive greenish-gray
calcareous mudstones of the Grayson Formation (below) to black
Al-rich and Ca—poor mudstones of the Pepper Formation
(above). Due to the sharp lithologic, geochemical, and petrophys-
ical changes at this contact, as well as the juxtaposition of the
Woodbine Group on the Grayson Formation, the K600sb, is
placed at the base of the Woodbine Group In the GC-1 (Fig. 7).
The overlying Woodbine Group consists of the mudstone-prone
Pepper Formation (Fig. 7), which in this core, consists of a mas-
sive mudstone that is rich in Al, but poor in Ca and TOC over its
entire 42.5 ft (13.3 m) thickness.

The Woodbine/Eagle Ford contact (Fig. 7) is also character-
ized by the same distinct GR increase that defines the base of the
Eagle Ford Formation across the entire study area. Geochemical-
ly (Fig. 7), this contact coincides with a change from Ca—, Mo-,
Ni—, and TOC—poor, as well as Al- and Si—rich, strata (below) to
Al- and Si—poor, as well as Ca—, Mo—, Ni—, and TOC-rich, strata
(above). Overall the LEF, which is 61.5 ft (18.7 m) thick, con-
sists of high resistivity/GR interval, that is Al and Si poor, as well
as Ca, Mo, Ni, and TOC rich (Fig. 7). Similar to the GC-2 core
(Fig. 11), the LEF in the GC-1 can be subdivided into a bento-
nite-poor LM:LEF, and bentonite-rich UM:LEF. The K640sb is
place at the base of the UM:LEF, based on the chronostratigraph-
ic significance to the onset of bentonite-rich deposition within the
LEF.

The base of the UEF in the GC-1 (Fig. 7, corresponds to
(1) a drop in Mo and Ni content 2)a drop in GR values, and
(3) the onset of the positive 8'1°C excursion associated w1th the
OAE?2 in the overlying LM:UEF. Lithologically, these geochemi-
cal changes coincide with a change from dark gray mudstones,
with abundant thin bentonite and very thin limestone interbeds
(below), to medium greenish gray mudstones and medium-
bedded limestones (above). Due to the abrupt lithologic and geo-
chemical changes that occur at the LEF/UEF contact, as well as
the onset of the positive 5'°C excursion at the base of the UEF,
the K6500sb is also placed at the base of the UEF in this core
(Fig. 7). In terms of the LM:UEF, unhke the GC-2 core in Dal-
las, where the where the positive 8 3C excursion associated with
the OAE2 was 230 ft (70 m) thick (Fig. 11), in the GC-1 core,
the positive 5'°C excursion is only 10 ft (3 m) thick (Fig. 7). In
the GC-1 core, the 10 ft (3 m) thick, LM:UEF is a Ca-rich,
TOC-, Mo-, and Ni—poor low GR interval, that displays higher
resistivity at its base, and lower resistivity towards its top (Fig.
7).

The LM:UEF, in the GC-1 (Fig. 7) is overlain by the
MM:UEF, which is a 51 ft (15.5 m) thick interval with elevated
Ca, Ni, and TOC, as well as elevated resistivity Similar to the
GC-2 (Flg 11), the base of the MM:UEF in the GC-1 (Fig. 7),
also coincides with the end of the positive 8'°C excursion, inter-
preted as the OAE2. Lithologically, this contact coincides with a
change from medium greenish-gray mudstones, interstratified
with medium-bedded limestones (below), to dark gray mudstones
interstratified with very thin limestone beds (above). Based on
(1) the abrupt lithologic and geochemical changes that occur at
the base of the MM:UEF, (2) the abrupt termination of the posi-
tive 8"°C isotope excursion at the base of the MM UEF, and
(3) the thickness (10 ft [3 m]) of the positive 8"°C excursion in
the GC-1; the K670sb is also placed at the base of the MM:UEF
in the GC71 (Fig. 7).

The MM:UEF in the GC-1 (Fig. 7) is overlain by the
UM:UEF, which is a 67 ft (20.4 m) sequence characterized by
(1) low GR and resistivity, (2) low Ca, Ni, and TOC, and

(3) slightly-elevated Si, Al, Fe, and Mo. The base of the
UM:UEF (Fig. 7) is characterized by a sharp contact with the
MM:UEF that coincides with (1) drop in GR and resistivity val-
ues, (2) drop in TOC, Ca, and Ni content, (3) slight increase in
Al, Si, Fe, and Mo content, and (4) a lithologic change from me-
dium greenish gray mudstones with scattered very thin limestone
interbeds (below) to massive dark gray mudstones (above).
Based on the abrupt changes in petrophysical, geochemical, and
lithologic characteristics at the base of the UM:UEF, an uncon-
formity. the K700sb. is placed at this contact (Fig. 7). Finally the
base of the Austin Group, or top of the UM:UEF (Fig. 7), is also
denoted by a sharp contact characterized by (1) distinct GR de-
crease and resistivity increase, (2) increase in Ca, Mn, Ni, and Sr
content, (3) decrease in Al, Si, and Fe content, and (4) a litholog-
ic change from massive medium gray mudstones (below) to high-
ly burrowed, white limestones/wackestones (above). Based on
the abrupt changes in petrophysical, geochemical, and lithologic
characteristics at the base of the Austin Group, an unconformity,
the K720sb, is placed at this contact (Fig. 7).

In summary, key learnings from the GC-1 core (Fig. 7) are
(1) both the Woodbine and Eagle Ford Group are thinner in the
Waco area compared to the Dallas area, (2) the Woodbine Group
in the Waco area is dominated by the basal mudstone-prone Pep-
per Formation, (3) Ca— and TOC-rich LEF mudstones overlie
Ca— and TOC—poor Al- and Si-rich Woodbine strata, (4) the
positive 8'°C excursion is present in the GC—1, but only 10 ft (3
m) thick, and (5) the thickness variations of the LM UEF, and the
ass001ated positive 8"°C excision, are likely the result of trunca-
tion by the overlying K670sb at the base of the MM:UEF.

Central East Texas Basin

Well-log cross-section EW—700 (Fig. 8) is a regional line
from McClennan County to the west, to Cherokee County to the
east, a distance of about 85 mi (137 km). This cross-section is
datumed on the K650mfs, near the base of the UEF, and the
USGS GC-1 well is located near the western end of this line
(Fig. 14).

On EW-700 (Fig. 14), the K600sb, or base Woodbine Group
unconformity, sequentially truncates the False Buda Formation,
and then underlying the Buda Formation toward the outcrop belt
to the west (Fig. 14). The Woodbine Group also thins the west,
due to interpreted truncation by the overlying K630sb, or base
Eagle Ford unconformity (Fig. 14). The LEF is present on the
western portion of this line, but thins, and is then absent east of
central Anderson County, due to truncation interpreted beneath
the 650sb, at the base the UEF (Fig. 14). The LM:UEF (yellow)
thins to the west due to interpreted truncation by the overlying
K670sb, at the base of the MM:UEF (Fig. 14). From west to east
on line EW-700 (Fig. 14), the UM:UEF, MM:UEF, and
LM:UEF are sequentially truncated by the K720sb, at the base of
the Austin Group. The Austin Group also thins to the east, due to
truncation interpreted at the K800sb at the base of the Taylor
Group (tan) on this line (Fig. 14).

In summary, EW-700 (Fig. 14) illustrates (1) truncation to
the west beneath the K600sb, at the base of the Woodbine Group,
as well as the K670sb, at the base of the MM:UEF; (2) truncation
to the east, beneath the K650sb, at the base of the UEF, and the
K720sb; and (3) unless truncated by the K650sb, high—GR/
resistivity LEF mudstones, overlies low-resistivity mudstones of
the Woodbine Group, and are overlain by low-resistivity mud-
stones of the LM:UEF.

Central to Southern East Texas Basin

NS—-400 (Fig. 8) is a sub-regional north/south well-log cross-
section, that goes from Limestone County to the north, to Bur-
leson County to the south, a distance of about 85 mi (137 km).
This cross-section is datumed on the K600sb, or base Woodbine
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Group unconformity (Fig. 15). The cored industry well is located
near the southern end of the line in Burleson County (Fig. 15).

On NS—400, the LEF is subdivided into three parts, colored
black, gray, and red from the base up (Fig. 15). For reference, the
black and gray colored intervals represent the lower and upper
portions of the LM:UEF, while the red colored interval represents
the overlying (younger) UM:LEF. The lower portion of the
LM:LEF, colored black, on Figure 15, is very distinctive high
gamma ray/resistivity interval in the southern East Texas Basin,
that is useful for sub-regional correlations and mapping. This
basal zone within the LM:UEF is also the primary exploitation
target for the Ca— and TOC-rich, “Eaglebine” source rock play in
the southern East Texas Basin (Meyer et al., 2021), so knowing
its presence, distribution, and thickness variations are critical for
understanding its play fairway, and associated risks.

Starting from the base of the section on NS-200 (Fig. 15),
the False Buda Formation is truncated to the north beneath the
K600sb (base Woodbine) unconformity. In terms of the overly-
ing Woodbine Group, it thins to the south, most noticeably just
downdip of the interpreted K630 depositional shelf break (red
dot) along the K630sb (Fig. 15). Within the overlying LEF (Fig.
15), (1) the basal black unit within the LM:UEF onlaps downdip
of the interpreted K630 depositional shelf break, (2) the overly-
ing gray unit within the LM:UEF thins, but extends over the in-
terpreted K630 depositional shelf break to the north, and (3) the
uppermost red unit (UM:UEF) extends across the cross-section.
Based on these relationships the onlapping lower (black) unit
within the LM:LEF is interpreted as a lowstand, while the overly-
ing upper (gray) unit within the LM:UEF is interpreted as the
transgressive to highstand systems tract of the LM:LEF (Fig. 15).

Overall the UEF (Fig. 15) thins to the south due to trunca-
tion beneath the K720sb at the base of the Austin Group, as does
the overlying Austin Group due to truncation beneath the K800sb
at the base of the overlying Taylor Group. The UEF is divided
into the LM:UEF, MM:UEF, and UM:UEF, which are respec-
tively colored yellow, green, and lavender on Figure 15. Within
the LM:UEF (yellow), internal stratal correlations suggest down-
lap onto the K650mfs, and northerly offlapping clinoforms (Fig.
15). The MM:UEF (green), is restricted to the northern end of the
line, as is the UM:UEF (lavender); however, the UM:UEF ex-
tends further to the south (Fig. 15). Due to truncation by the
K720sb, at the base of the Austin Group, only the LM:UEF is
present within the UEF on the southern half of the line (Fig. 15).

In summary, on NS-200 (Fig. 15), the (1) False Buda For-
mation thins and is eventually truncated to the north beneath the
K600sb, at the base of the Woodbine Group, (2) Woodbine
Group thins to the south, most noticeably outboard of the inter-
preted depositional shelf break of the K630sb along the Wood-
bine/Eagle Ford contact, (3) LEF thins to the north due to onlap
of interpreted lowstand deposits beneath the 630 depositional
shelf break, (4) UEF thins to the south, primarily due to trunca-
tion beneath the K720sb at the base of the overlying Austin
Group, and (5) Austin Group thins to the south due to truncation
beneath the K800sb at the base of the overlying Taylor Group.

Southern East Texas Basin Cored Well

The generalized location of the cored industry well in Bur-
leson County is noted on Figure 8. The core, which is approxi-
mately 250 ft (76.2 m) thick, spans most of the traditional
“Eaglebine” succession in this portion of the basin (Fig. 9). Geo-
chemical and petrophysical data from this core (Fig. 9) was used
to define a vertical succession of four distinct chemo-/petro-
facies, labeled units 1 to 4 from the base up. Unit 3 (Fig. 9) is
further subdivided into three additional subunits, labeled 3a to 3¢
from the base up, to gain additional stratigraphic fidelity within
that unit. Units 1 to 4 (Fig. 9) each have abrupt petrophysical and
geochemical boundaries with their adjacent units, suggesting that
these contacts are also depositional sequence boundaries. This

interpretation is also supported by the correlations into the cored
well on cross-section NS—400 (Fig. 15) where all four units tie
directly to the depositional sequences interpreted on Cross Sec-
tion N'S400.

The top 15 ft (4.6 m) of unit 1 (Fig. 9), was penetrated in
this core. In the cored interval, unit 1 can be characterized as a
high-resistivity and low—GR mudstone, that is rich in Ca, but
poor in Al, Si, Ti, and TOC. Based on ties to NS-200 (Fig. 15),
unit 1 is interpreted as the False Buda Formation.

Unit 2 (Fig. 9) is a 42 ft (12.8 m) thick interval, that can be
characterized as a low-resistivity mudstone, with moderate GR
values, that is enriched in Al, Si, and Ti, but poor in TOC and Ca.
Based on ties to NS—200 (Fig. 15), unit 2 correlated to the Pepper
Formation (Woodbine Group). The base of unit 2 (Fig. 9), which
is interpreted as the K600sb, coincides with an abrupt change
from low—GR, high-resistivity, Ca-rich, as well as Al-, Ti—, and
Si—poor, mudstones of the False Buda Formation (below) to Ca—
poor, but Al-, Ti—, and Si-rich mudstone of the Pepper For-
mation (above).

Unit 3 (Fig. 9) is a 104 ft (31.7 m) interval, that can be char-
acterized as a mudstone with elevated resistivity and GR values,
that is also TOC and Ca enriched. Based on correlations on NS—
200 (Fig. 15), unit 3 correlates to the LEF (Fig. 9). The base of
unit 3 (Fig. 9), which is interpreted as the K630sb, coincides with
an abrupt change from Ca— and TOC—poor, but Al-, Ti—, and Si—
rich mudstones of the Pepper Formation (below), to Ca— and
TOC—-enriched mudstones of the LEF (above).

As mentioned previously, unit 3 can be subdivided into three
subunits, labeled 3a to 3¢ from the bottom up (Fig. 9). Subunit 3a
are the most Ca— and TOC-rich, highest-resistivity mudstones,
that have the lowest Al, Ti, and Si content within unit 3 (Fig. 9).
Based on correlations on NS—-200 (Fig. 15), unit 3a correlates to
the interpreted lowstand systems tract of the LM:LEF.

The base of subunit 3b (Fig. 9), coincides with distinct de-
creases in resistivity, Mo, Ca, Ni, Sr, and V. Overall subunit 3b
(Fig. 9) is a slightly lower-resistivity zone, compared to subunit
3a, that is characterized by an upward decrease in Ca, Mo, Ni, Sr,
and V, as well as a concurrent upward increase in Si, Ti, and Al.
Based on correlations on NS—200 (Fig. 15), unit 3b correlates to
the interpreted transgressive and highstand systems tract of the
LM:LEF.

The base of unit 3c (Fig. 9) is denoted by a distinct GR in-
crease and resistivity decrease, that geochemically coincides with
an abrupt decrease in Ca content, and increase in Al content.
Overall subunit 3¢ (Fig. 9) is characterized by an upward de-
crease in resistivity, as well as Ca, Ni, and Sr, and V content, and
a concurrent upward increase in Si, Ti, and Al content. Based on
correlations on NS-200 (Fig. 15), unit 3c correlates to the inter-
preted UM:LEF.

Unit 4 (Fig. 9) is 110 ft (33.5 m) interval, of which, the basal
90 ft (27.4 m) was cored. It can be characterized as a low resis-
tivity mudstone that is rich in Al, Si, and Ti, but poor in TOC and
Ca.

The base of unit 4 (Fig. 9) coincides with the classic top
resistivity marker (Turner and Conger, 1981, 1984), which is
used to define the traditional base of the (Woodbine) Harris delta.
Geochemically this surface, which coincides with a change from
TOC- and Ca—enriched mudstones (below) to TOC— and Ca—
poor, as well as Al-, Si—, and Ti-rich, mudstones (above), is in-
terpreted as the K650sb, or base of the UEF. Interestingly, the
base of unit 4 (Fig. 9) also coincides with the onset of a more
blocky, less irregular, and slightly elevated positive 8"°C excur-
sion. This blocky, slightly positive 8"*C excursion, based on the
regional correlations (Figs. 12-15), likely represents a more
TOC-starved manifestation of the positive 8'°C excursion associ-
ated with the OAE2. Based on correlations on NS-200 (Fig. 15),
unit 4 correlates to the interpreted LM:LEF.

In summary, the petrophysical and geochemical data from
the industry core (Fig. 9), tied to NS-200 (Fig. 15), indicate that
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classic “Eaglebine” succession is the southern East Texas Basin
can geochemically and petrophysically be divided into four dis-
tinct units, or depositional sequences, and that these sequences
represent from the base up, the False Buda Formation (unit 1),
the Pepper Mudstone of the Woodbine Group (unit 2), LEF (unit
3), and UEF (unit 4). Most importantly, however, this core (Fig.
9) documents that Ca— and TOC-rich, high-resistivity LEF mud-
stones overlie low-resistivity, Ca— and TOC—poor, as well as Al-,
Si—, and Ti-rich, mudstones of the Pepper Shale/Woodbine
Group (below), and are overlain by similar low-resistivity, Ca—
and TOC—poor, as well as Al-, Si—, and Ti-rich, mudstones of
the LM:UEF (above).

Southern East Texas Basin

Regional cross-section EW-1200 (Fig. 8) traverses from
Burleson County to the west to Grimes County to the east, a dis-
tance of approximately 45 mi (72 km). It is datumed on the
K600sb at the base of the Woodbine Group (Fig. 16). This cross-
section ties with cross-sections NS—400 (Fig. 15) in eastern Bur-
leson County, and NS—500 (Fig. 17) in western Grimes County.
The tie well with NS—500 (Fig. 15) is also the Type well (Casco
#1 Sanders) for the southern East Texas Basin (Fig. 5).

On this line, the Georgetown Formation, Grayson For-
mation, Buda Formation, False Buda Formation, Pepper Shale
(Woodbine Group), and LEF remain fairly uniform in thickness
across the line (Fig. 16). In sharp contrast (Fig. 16), the LM:UEF
(yellow), thins to the west likely by a combination of interpreted
depositional pinch-out and/or truncation beneath the K720sb
(base Austin unconformity). The overlying Austin Group, thins
across the central portion of this line, due to interpreted incision
by the K800sb at the base of the overlying Taylor Group (Fig.
16). The overlying Taylor Group (tan) displays a reciprocal
thickness variations to the underlying Austin Group, with inter-
preted basal onlap onto the inherited topography at the top of the
underlying Austin Group (Fig. 16).

In summary, EW-900 (Fig. 16) illustrates how the correla-
tions on various regional well-log cross-sections (Figs. 12—17);
tie to the type well in Grimes County (Fig. 5), based on the ties to
the industry core in Burleson County (Fig. 9). Similar to the other
lines, high-resistivity LEF mudstones, overlie low-resistivity
mudstones of the Pepper Shale (Woodbine Group), and are over-
lain by low-resistivity mudstones of the LM:UEF.

Type Well: Southern East Texas Basin

As outlined on Figure 5, in previous studies, the classic
high-resistivity zone within the “Lower Eaglebine” was either
assigned to the Freestone delta of the Woodbine Group (Oliver,
1971; Turner and Conger, 1981, 1984), or the pre-Woodbine
Maness Shale (Adams and Carr, 2010; Hentz et al., 2014; Denne
et al., 2016); while the overlying low-resistivity “Eaglebine”
mudstones were assigned to the Harris delta of the Woodbine
Group.

Data from the GC-1 (Fig. 7), GC-2 (Fig. 11), and industry
core (Fig. 9), as well the correlations on the various regional lines
(Figs. 12-17), used in this study, however, reveal that “Lower
Eaglebine” (Fig. 5) actually consists of three petrophysically an
geochemically distinct deposional sequences, and that these se-
quences correlate from the base up to the: False Buda Formation
(unit 1), Pepper Shale of the Woodbine Group (unit 2), and the
LEF (unit 3). Furthermore, within this sequence stratigraphic
framework, the low resistivity “Upper Eaglebine,” or classic
“Harris delta,” actually correlates to the LM:UEF.

In summary, the bulk of the “Eaglebine” in the type well
(Fig. 5) is actually the Eagle Ford Group, with the majority of the
classic high-resistivity “Lower Eaglebine” equating to the LEF,
not the Woodbine Group, or pre-Woodbine Maness Formation.

In the type well (Fig. 5), the Woodbine Group, is actually repre-
sented by a relatively thin, approximately 32 ft (9.8 m) thick,
low-resistivity argillaceous mudstone, that represents distal
basinal deposits of the Pepper Shale (Freestone delta). In the type
well (Fig. 5), similar to the industry core in Burleson County
(Fig. 9), high-resistivity LEF mudstones, which are interpreted
to be rich in Ca and TOC, overlie low-resistivity mudstones
of the Pepper Formation, which are interpreted to be poor in Ca
and TOC, and are in turn overlain by low-resistivity mudstones
of the LM:UEF, which are also interpreted to be poor in Ca and
TOC.

Regional N-S Summary Line

NS-500 (Fig. 8) is a regional well-log cross-section which
extends from Hunt County to the north to Grimes County, to the
south, a distance of about 200 mi (322 km). This line nicely sum-
marizes the stratal relationships for the Washita, Woodbine, Ea-
gle Ford, Austin, and Taylor groups, across the long, north-south,
axis of the East Texas Basin (Fig. 17).

On NS-500, the K600sb at the base of the Woodbine Group
(Fig. 17) sequentially truncates the False Buda Formation, and
then the underlying Buda Formation to the north. Thus on the
northern end of the line (Fig. 17) the Woodbine Formation is
unconformably juxtaposed on the Grayson Formation.

The overlying Woodbine Group (Fig. 17), thins incremental-
ly to the south. due to angular discordance beneath the deposi-
tional shelf profile of the K630sb, at the base of the Eagle Ford
Group, and then thins dramatically south of the interpreted depo-
sional shelf break of the K630sb in northern Robertson County.
Thus downdip of the interpreted K630 depositional shelf break,
only mudstone-prone, basinal deposits of the Pepper Shale
(Woodbine Group) are present (Fig. 17). Overlying the deposi-
tional basin profile of the K630sb in the southern part of the East
Texas Basin (Fig. 17) is a distinctive high GR/resistivity (high
TOC/Ca) zone at the base of the LEF (colored black). This unit
(Fig. 17) onlaps to the north, downdip of the interpreted K630
shelf break, is interpreted as the lowstand system tract of the
LM:LEF.

The K650sb, or base UEF unconformity, truncates the un-
derlying LEF strata (gray) to the north in Hunt County (Fig. 17).
The overlying LM:UEF (yellow) extends across the cross-section
(Fig. 17). The regional correlation of the LM:UEF (yellow) illus-
trates that (1) the thick clastic depocenter present in the Dallas
area, during the onset of the OAE2 in the latest Cenomanian, is
coeval to the classic Harris delta in the southern East Texas Ba-
sin, (2) the classic top resistivity marker in the southern East Tex-
as Basin is the K650sb at the base of the UEF, (3) stratal markers
within the LM:UEF appear to downlap to the north, and (4)
thickness variations in the LM:UEF in the northern portions of
the East Texas Basin are due to truncation beneath the K670sb at
the base of the MM:UEF (Fig. 17).

Both the MM:UEF (green) and UM:UEF (lavender) are
restricted to the northern portions of the East Texas Basin (Fig.
17). The MM:UEF (green) thins and eventually truncated to the
south beneath the K700sb at the base of the UM:UEF, while the
UM:UEF is truncated to the south by the K720sb at the base Aus-
tin Group (Fig. 17). Thus in the southern portions of the East
Texas Basin the Austin Group is unconformably juxtaposed on
the LM:UEF, forming a toplap (sub-unconformity) play for UEF
deltaic reservoirs in that part of the basin.

In summary, similar to other well-log cross-section (Figs.
12—-16), unless the LEF is truncated by K650sb at the base of the
UEF, across this line high-resistivity (Ca— and TOC-rich) LEF
mudstones are encased between low-resistivity (Al-rich, but
TOC- and Ca—poor) mudstones of the Woodbine Group (below)
and the UEF (above).
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DISCUSSION
Overview

Based on the learnings from the GC-1 (Fig. 7), GC-2 (Fig.
11), the industry core (Fig. 9), as well as the regional well-log
cross-sections presented (Figs. 12—17), the following generaliza-
tions can be made about the sequences and sequence boundaries
identified in this study.

False Buda Formation (K590 Sequence)

In this study, the strata commonly referred to as the False
Buda in the subsurface of the southern East Texas Basin (Hentz
et al., 2014) is defined as the False Buda Formation, and inter-
preted as the K590 depositional sequence. While only the top 15
ft (4.6 m) of the False Buda Formation was present at the base of
the industry in Burleson County (Fig. 9), the petrophysical char-
acteristics of the basal contact of the False Buda Formation with
the underling Buda Formation, are nicely illustrated in the type
well for the southern East Texas Basin (Fig. 5). In this well, the
Buda/False Buda contact is marked by a distinct GR increase and
resistivity decrease at the base of the False Buda Formation (Fig.
5). This contact is interpreted as the K590sb.

As outlined in the discussion of the industry core, the mud-
stones in the False Buda Formation are rich in Ca, but poor in Al,
Si, Ti, and TOC (Fig. 9). Petrophysically, as illustrated on Figure
5, the GR profile within the False Buda Formation increases, and
then decreases upward, whereas the resistivity decreases then
increases upward (Fig. 5). The maximum—GR and minimum-
resistivity values in this interval, is interpreted as the K590mfs.

Woodbine Group (K600 Composite Sequence)

An abrupt petrophysical and geochemical contact occurs at
the base of the Woodbine Group. In the southern East Texas Ba-
sin this contact typically separates low—GR and high-resistivity
mudstones of the False Buda Formation, which are rich in Ca, as
well as poor in Al, Si, Ti, and TOC, from moderate—GR and low-
resistivity mudstones of the Pepper Shale (Woodbine Group),
which are poor in Ca and TOC, as well as rich in Al, Si, and Ti
(Fig. 9). Regionally, however this contact, interpreted as K600sb
(Fig. 17) sequentially truncates the underlying False Buda For-
mation, and then the Buda Formation, to the north and northwest.
Thus in the northern and northwestern portions of the East Texas
Basin (Fig. 17), the Woodbine Group is unconformably juxta-
posed on the Grayson Formation.

Overall, the Woodbine Group (Fig. 17), thins incrementally
to the south. due to angular discordance beneath the depositional
shelf profile of the overlying K630sb, at the base of the Eagle
Ford Group, and then thins dramatically, south of the interpreted
deposional shelf break of the K630sb. Downdip of the interpreted
K630 depositional shelf break, only mudstone-prone, basinal
deposits of the Pepper Shale (Woodbine Group) are present
(Figs. 17 and 18B).

LEF (K630 Composite Sequence)

Throughout the study area, an abrupt petrophysical and
geochemical contact also occurs at the base of the LEF. Through-
out the study area, this contact separates (1) moderate—GR and
low-resistivity mudstones of the Woodbine Group, which are
poor in TOC and Ca, as well as rich in Al, Si, and Ti (below),
from (2) high—-GR/resistivity mudstones of the LEF, which are
rich in TOC and Ca, as well as poor in Al, Si, and Ti (above).
Regionally, the Woodbine/Eagle Ford contact, interpreted as
K630sb (1) incrementally truncates the upper portions of Wood-
bine Group to the south due to angular discordance beneath the
depositional shelf profile of the K630sb and (2) displays Wood-
bine thinning, as well as reciprocal LEF thickening and onlap,
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seaward of the interpreted K630 depositional shelf break (Fig.
17).

The LEF in the southern East Texas Basin is a high—-GR/
resistivity mudstone that is enriched in Ca and TOC (Figs. 5 and
8). Previous studies had incorrectly assigned these high-
resistivity mudstones to the Pepper Formation of the Woodbine
Group (Oliver, 1971; Turner and Conger, 1981, 1984), or to the
Maness Shale (Adams and Carr, 2010; Hentz et al., 2014; Denne
et al., 2016). Following the work of Donovan et al. (2015), the
LEF in the East Texas Basin is divided into two sequences, an
organic-rich, bentonite-free LM:UEF, and an organic- and ben-
tonite-rich UM:LEF. The K640sb separates the two units. In the
southern East Texas Basin, the LM:LEF can be divided into a
lower zone, interpreted as a lowstand systems tract, which onlaps
below the interpreted K630 depositional shelf break, and an up-
per zone, interpreted as transgressive to highstand deposits,
which extends updip of the interpreted K630 depositional shelf
break (Figs. 15 and 18C).

UEF (K650 Composite Sequence)

An abrupt petrophysical and geochemical contact also oc-
curs at the base of the UEF across the study area. Typically, this
contact separates (1) high—-GR/resistivity mudstones of the LEF
(below), which are rich in Ca and TOC, from (2) low—GR/
resistivity mudstones of the LM:UEF (above), which are poor in
Ca and TOC, as well as enriched in Al, Si, Ti, and 8'°C. Region-
ally, this contact, interpreted as the K650sb, truncates the LEF to
the north and east (Fig. 18C). Thus in the northern and eastern
portions of the East Texas Basin (Fig. 18C), the LM:UEEF is un-
conformably juxtaposed on the Woodbine Group.

The UEF consists of three unconformity-bounded deposi-
tional sequences, referred to as the LM:UEF, MM:UEF, and the
UM:UEF, respectively. Whereas the lowermost LM:UEF extends
across the study area, the MM:UEF and UM:UEF are restricted
to the northern portions of the basin (Fig. 17), mainly due to trun-
cation beneath the K720sb at the base of the Austin Group.

The LM:UEF is poor in Ca and TOC, as well as enriched in
Al, Si, and Ti, and the main positive 3"3C excursion associated
with the OAE2, which starts at the base, and ends at the top, of
this unit (Figs. 7, 9, and 11). Regional correlation of the LM:UEF
in this study revealed that (1) the classic top resistivity marker in
the southern East Texas Basin is the K650sb and (2) the thick
clastic depocenter present in the Dallas area, during the onset of
the OAE2 in the latest Cenomanian, is coeval to the classic Har-
ris delta in the southern East Texas Basin. Between Dallas and
Waco, this unit thins from 230 ft (70 m) thick in the GC-2 (Fig.
11), to 10 ft (3 m) thick in the GC-1 (Fig. 7), due to truncation
interpreted at the base of the K670sb at the base of the overlying
MM:UEF (Fig. 13).

The K670sb at the base of the MM:UEF is denoted by a
distinct geochemical, petrophysical, and biostratigraphic contact,
that coincides with the base of the classic Arcadia Park For-
mation in the Dallas area (Fig. 11). This contact typically sepa-
rates (1) Al-, Si—, Ti—, and TOC—poor mudstones of the LM:UEF
(below), from (2) Ca— and TOC-enriched mudstones of the
MM:UEF above. While a small part (zone I11?) of the OAE2 may
extend into the basal portions of the MM:UEF in the GC-2 (Fig.
11), the end of the most distinctive portion 8'*C excursion coin-
cides with the placement of K670sb at the base of the MM:UEF.

Kennedy (1988) also interpreted an unconformity at this
boundary in the Dallas outcrops based on missing ammonite
zones across this contact (Fig. 11). Furthermore, as mentioned
previously, thickness variations of the LM:UEF between Dallas
and Waco (Fig. 13) are interpreted as due to truncation beneath
this surface.

The MM:UEF is a Ca— and TOC-enriched interval with
elevated resistivity, as well as GR. The petrophysical (high-
resistivity) characteristics of this unit make it useful for differen-
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tiating the MM:UEF from the underlying LM:UEF, as well as
overlying UM:UEF, on individual wells (Figs. 10 and 11), as
well as on regional well-log cross-sections.

Finally, the UM:UEF is a more Al- and Si—enriched, but
TOC- and Ca—poor, mudstone-dominated succession, that over-
all has higher—-GR and lower-resistivity values than the underly-
ing MM:UEF (Figs. 7 and 11). The drop off in TOC, Ca, and
resistivity values aids in the geochemical and petrophysical iden-
tification of the K700sb at the base of the UM:UEF (Figs. 7 and
11).

Paleogeographic Maps and Play Fairways

The distribution/paleogeographic maps of the Buda For-
mation, Woodbine Group, LEF, and LM:UEF (Figs. 18A—18D)
provide a modern sequence stratigraphic framework to define the
plays, and associated play fairways, for these units within the
East Texas Basin.

The False Buda Formation (Fig. 18A) is geographically re-
stricted to the central (deeper) portions of the East Texas Basin,
while the older Buda Formation extends further towards the basin
margins. Both units (Fig. 18A) are sequentially truncated to the
(1) north and west by the K600sb at the base of the Woodbine
Group and (2) east by the K720sb at the base of the Austin
Group.

The Woodbine Group, as defined in this study (Fig. 18B),
equates to the classic Freestone delta of Oliver (1971). The facies
belts in this unit (Fig. 18B) trend northwest to southeast across
the study area, but are truncated toward the Sabine Uplift to the
east due to erosion beneath the K720sb at the base of the Austin
Group. Interestingly, while the Sabine Uplift controls the present
(post-depositional) distribution of the Woodbine Group, the faci-
es patterns within it suggest that the Sabine Uplift had little im-
pact on Woodbine paleogeography during deposition. Overall the
updated paleogeographic map of the Woodbine Group (Fig. 18B)
outlines the downdip play fairway limits for conventional, as well
as unconventional, nonmarine and marginal marine, plays for this
unit.

Figure 18C is a distribution map for the LEF. This map re-
veals that the LEF (Fig. 18C) is absent to the north and east in the
East Texas Basin, due to post-depositional truncation by the
K650sb at the base of the UEF. Thus the present distribution of
LEF source rocks are aerial limited to western portions of the
East Texas Basin (Fig. 18C). In terms of the unconventional
source rock plays within the LEF, the TOC- and Ca-rich K630
lowstand deposits (dark gray) have an even more limited geo-
graphic distribution being restricted to the southwest portions of
the East Texas Basin outboard (south) of the interpreted K630
depositional shelf break, and west of its erosional limit, dictated
by truncation beneath the K650sb at the base of the UEF (Fig.
18C). Similar to the underlying Woodbine Group, the trend of the
K630 depositional shelf break, as well as the distribution of the
K630 lowstand (gray) suggests Sabine Uplift had little impact on
Woodbine paleogeography during deposition.

Figure 18D illustrates the facies belts within the LM:UEF,
which represents strata coeval to the classic Harris delta (Oliver,
1971; Turner and Conger, 1981, 1984). The map highlights the
distribution for the sandstone-prone strata for this unit, and thus
the associated unconventional and unconventional play fairways
(Fig. 18D). This updated paleogeographic map indicates that
sandstone-prone strata coeval to the Harris delta are far more
extensive than previously mapped (Oliver, 1971; Turner and
Conger, 1981, 1984). Of particular importance are potential top-
lap and downdip facies change regions (yellow), which could be
potential new tight rock plays or reservoirs utilized for CO, stor-
age.

Finally, the paleogeographic map for the LM:UEF (Fig.
18D) illustrates a more bowing of the facies belts to the east,
compared to older Woodbine Freestone delta (Fig. 18B). Thus
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the facies belts within the LM:UEF suggest that the Sabine Uplift
was active prior to, as well as during, deposition of the LM:UEF.
This interpretation is also supported by the distribution of the
LEF, which is truncated by the K650sb at the base of the UEF,
across the Sabine Uplift (Fig. 18C).

OAE2 Learnings

Based on 8'°C data from the GC-2 core, and ammonite work
on the adjacent outcrops by Kennedy (1988), it appears that the
LM:UEF was deposited fairly rapidly, during a narrow few hun-
dred-thousand-year window during the onset of the OAE2 (Fig.
11). In the East Texas Basin, the onset of the OAE2 coincides
with a tectonically enhanced unconformity (K650sb), overlain by
a major regional flooding surface (K650mfs), which in turn is
overlain by a highstand denoted by major siliciclastic input.
These East Texas Basin learnings may provide insights to evalu-
ate sea-level variations, as well as siliciclastic input, during the
onset of the OAE2, in other regions as well.

The biostratigraphic work by Kennedy (1988) in the Dallas
area (Fig. 11) and the identification of the K670sb in this study
indicate that a major angular unconformity exists near the end of
the OAE2 in the East Texas Basin. This unconformity truncates
the underlying LM:UEF from Dallas to Austin (Fig. 13), and
explaining why the thickness of the LM:UEF, and the associated
positive 8"°C excursion, varies from 230 ft (70 m) thick in the
GC-2 (Fig. 11) in the Dallas area, to 10 ft (3 m) thick in the GC—
1 (Fig. 7) in the Waco area. Thus one of the main learning from
the East Texas Basin in terms of the OAE2 is that (1) the OE2
may not be a conformable succession and (2) the distribution,
thickness, and duration of the positive 8'°C excursion associated
with the OAE2 may related to unconformities.

CONCLUSIONS

Three distinctly different paradigms presently exist for the
stratigraphic assignment of the “Eaglebine” succession in the
southern East Texas Basin (Fig. 5). The first paradigm (Fig. 5)
assigns the entire “Eaglebine” succession to Woodbine Group
(Oliver, 1971; Turner and Conger, 1981, 1984; Berg, 1986). The
second paradigm (Adams and Carr, 2010; Hentz et al., 2014;
Denne et al., 2016) assigns the basal “high-resisitivity” mudstone
of the “Lower Eaglebine” to the Maness Shale, and the overlying
“Upper Eaglebine” low-resistivity mudstones to the Pepper Shale
of Woodbine Group (Fig. 5). The third paradigm (Meyer et al.,
2021) assigns the bulk of the “high-resistivity” “Lower Ea-
glebine” (unit 3) to the LEF, and the “low-resistivity” “Upper
Eaglebine” (unit 4) to the UEF (Fig. 5). Within this third para-
digm a thin <50 ft (15 m) thick, low-resistivity mudstone (unit 2)
within the “Lower Eaglebine” is interpreted as distal Al-, Si-,
and Ti-rich basinal deposits of the Woodbine Group.

Using a grid of regional well-log cross-sections, tied to the
outcrop belt, and incorporating geochemical and petrophysical
data from two USGS, and one industry core, a regional sequence
stratigraphic framework for the Woodbine and Eagle Ford groups
was defined and correlated across the East Texas Basin for the
first time. This framework, when carried into the southern East
Texas Basin, supports the interpretation proposed by Meyer et al.
(2021).

The classic “Eaglebine” succession in the southern East
Texas Basin can be divided using petrophysical, geochemical,
and sequence stratigraphic methods, into four units or sequences,
which from the base up equate to the False Buda Formation
(sequence 1), the Pepper Shale of Woodbine Group (sequence 2),
the LEF (sequence 3), and UEF (unit 2). Based on this sequence
stratigraphic framework, the actual “high-resistivity (Ca— and
TOC-rich) mudstones (sequence 3), within the “Lower Ea-
glebine” are not the Maness Shale of the Washita Group, or the
Pepper Shale of the Woodbine Group, but the LEF.
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Throughout the study area, unless the LEF is truncated by
the K650sb at the base of the LM:UEF, high-resistivity (Ca— and
TOC-rich) LEF strata, unconformably overlie low-resistivity
(Ca— and TOC—poor) mudstones of the Woodbine Group, and
are in turn unconformably overlain by low resistivity (Ca— and
TOC—poor) mudstones of the LM:UEF.

Within the East Texas Basin, the Woodbine Group thins
incrementally from north to south due to angular discordance
beneath the depositional shelf profile of the K630sb, at the base
of the Eagle Ford Group, and then thins dramatically south of the
interpreted deposional shelf break of the K630sb. Thus downdip
of the interpreted K630 depositional shelf break, only mudstone-
prone, basinal deposits of the Pepper Shale (Woodbine Group)
are present. Overlying the depositional basin profile of the
K630sb in the southern part of the East Texas Basin are distinc-
tive high—-GR/resistivity (high-TOC/Ca) mudstones at the base of
the LEF. These strata onlap to the north, downdip of the inter-
preted K630 shelf break, and are interpreted as the lowstand sys-
tem tract of the LM:LEF.

Regional sequence stratigraphic correlations in this study
revealed that the classic top “low-resistivity marker” in the south-
ern East Texas Basin coincides with the K650sb at the base of the
LEF. Thus the overlying low resistivity “Upper Eaglebine” mud-
stones in the southern East Texas Basin, traditionally assigned to
the “Harris delta,” are actually the LM:UEF. Within this frame-
work, the clastic depocenter identified in the Dallas area at the
onset of the OAE2 in this study, is coeval with the classic “Harris
delta” in the southern East Texas Basin.

Paleogeographic maps of the Woodbine Group and LEF,
strongly suggest that the Sabine Uplift was not active during
Woodbine and LEF times. However, the post depositional ero-
sional patterns of the LEF in the East Texas Basin, along with the
facies patterns within the LM:UEF in the East Texas Basin
strongly suggest that the Sabine Uplift was active during the for-
mation of the K650sb at the base of the UEF, as well as during
the deposition of the LM:UEF.

In the East Texas Basin, the onset of the OAE2 coincides
with an unconformity (K650sb), overlain by a major regional
flooding surface (K650mfs), which in turn is overlain by a high-
stand denoted by major siliciclastic input. These East Texas Ba-
sin findings may provide insights to evaluate sea-level variations,
as well as siliciclastic input, during the onset of the OAE2, in
other regions.

Finally, the end of the main positive 3"°C excursion in the
East Texas Basin coincides with a major angular unconformity
(K670sb) that thins and eventually truncates the LM:UEF be-
tween Dallas and Austin. Thus key learnings from the East Texas
Basin, in terms of the OAE2, are that (1) the OAE2 may have
internal hiatuses, and not be a conformable succession and (2) the
distribution, thickness, and duration of the positive 313C excur-
sion associated with the OAE2 may related to unconformities.
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	Figure 2. Paleographic maps for the (A) early Cenomanian (Woodbine) and (B) latest Cenomanian (basal UEF) for the Western U.S., illustrating the spreading and final connection of the Tethyan and Boreal seas which formed the Cretaceous Western Interior Seaway in the latest Cenomanian. The red circle on these maps highlights the location of Texas. Maps courtesy of Colorado Plateau Geosystems.
	Figure 3. Generalized stratigraphic column for the Upper Cretaceous in Texas illustrating the ages, stage boundaries, macrofaunal zones, mega-cycles, δ13C global isotope profile from the 2012 Geologic Time Scale (Ogg and Hinnov, 2012). Please note the (1) relative positions of the Washita, Woodbine, Eagle Ford, and Austin groups, (2) onset the Western Interior ammonite zones (base yellow) at the base of the middle Cenomanian Eagle Ford Group, (3) positive δ13C excursion associated with the OAE2 (red), which coincides with the base of the UEF, and (4) the surface naming convention used in this study, where the base of the Woodbine Group is the K600sb, the base Eagle Ford Group is the K630sb, and the base Austin Group is the K720sb. Click here for a high-resolution, large-format version of this image.
	Figure 3 Large Format Version

	Figure 4. Measured section with geochemical and ammonite data of the base Turonian GSSP in Rock Canyon, near Pueblo, Colorado. Please note the (1) base of the Bridge Creek Limestone, which corresponds to the onset of the positive δ13C signature of the OAE2, (2) drop in U and TOC content at the base of the OAE2, and (3) OAE2 zones I to III, and their associated δ13C signatures and ammonite zones and subzones. Click here for a high-resolution, large-format version of this image.
	Figure 4 Large Format Version

	Figure 5. Type well in the southern East Texas Basin illustrates the various interpretations for the “Eaglebine” succession in the southern East Texas Basin. In previous studies, the Lower Eaglebine “resistivity zone” (colored blue) within the East Texas Basin have been assigned to either the (1) basal portions of the Pepper Shale (Woodbine Group) or (2) Maness Shale of the Washita Group. In this study, these strata were assigned to the False Buda Formation (unit 1), the Pepper Shale (unit 2), and the LEF (unit 2). Please note the “classic top resistivity marker” of Turner and Conger (1981, 1984), which they used to define the base of the Woodbine “Harris delta,” ...
	Figure 5 Large Format Version

	Figure 6. Chart summarizing the provincial outcrop nomenclatures in West Texas, South Texas, and the Waco and Dallas areas in the East Texas Basin. The sequence stratigraphic framework used in this, and previous works, provides a Rosetta Stone to compare, and correlate, among these units across the Texas. Please note the occurrence of the OAE2 at the base of the UEF across the study area. Click here for a high-resolution, large-format version of this image.
	Figure 6 Large Format Version

	Figure 7. Core description, petrophysical, and geochemical data of the USGS GC–1 core, located near Waco Texas. Please note the (1) Al–rich and TOC– and Ca–poor deposits of the Pepper Shale (Woodbine Group), (2) TOC– and Ca–rich and Al–poor LEF, (3) thin (10 ft [3 m] thick) positive δ13C excursion, interpreted as the OAE2 at the base of the UEF, (4) Ca– and TOC–enriched MM:UEF marked by the K670sb at its base and K700sb at its top, (5) Al–rich and Ca–poor UM:UEF, ...
	Figure 7 Large Format Version

	Figure 8. Detailed map of the East Texas Basin illustrating (1) outcrop belt along the western margin of the basin, (2) location of the GC–1, GC–2, and industry core, (3) type wells in the northern East Texas Basin and southern East Texas Basin, and (4) the location of the well-log cross-sections included in this paper.
	Figure 9. Geochemical and petrophysical data of the industry core in Burleson County, illustrating the previous lithostratigraphic interpretation for the “Eaglebine” succession in the southern East Texas Basin, and the sequence stratigraphic interpretation based on chemostratigraphic and petrophysical data from this core, and regional correlations. In this study 4 distinct unconformity bounded units (sequences), labeled 1 to 4 from the base up, were interpreted respectively as the False Buda (unit 1), Pepper Formation (unit 2), LEF (unit 3), and UEF (unit 4). ...
	Figure 9 Large Format Version

	Figure 10. Type Eagle Ford well for the Northern East Texas Basin. This modern water well from the Texas Water Commission’s BRAC’s database, has a GR log, which nicely illustrates the GR drop that define the K630sb at the base of the Eagle Ford Group. The surfaces and sequences defined within the Eagle Ford Group in this study, are also illustrated on this figure. Click here for a high-resolution, large-format version of this image.
	Figure 10 Large Format Version

	Figure 11. Petrophysical and geochemical data of the USGS GC–2 core near Dallas, as well as the ammonite data of Kennedy (1988) from the adjacent outcrops. Please note (1) Ca– and TOC–poor Woodbine: Ca– and TOC–rich LEF; Ca– and TOC–poor UEF,  and (4) 230 ft (70 m) thick positive δ13C  excursion in the LM:UEF, which based on the adjacent outcrops is confined to the basal Sciponoceras gracile ammonite zone at the base of the OAE2 (zone I). Click here for a high-resolution, large-format version of this image.
	Figure 11 Large Format Version

	Figure 12. Regional cross-section EW–300 from western Dallas County (W) to western Smith County (E), datumed on the K720sb at the base of the Austin Group. On this line (1) the K600sb at the base of the Woodbine Group truncates the False Buda and then the Buda formations to the west, (2) the K630sb at the base of the Eagle Ford Group thins the underlying Woodbine Group to the west, and (3) the K650sb at the base of the UEF truncates the LEF to the east. Thus on the eastern end of the line the UM:UEF is unconformably juxtaposed on the Woodbine Group. Click here for a high-resolution, large-format version of thisimage.
	Figure 12 Large Format Version

	Figure 13. Regional well-log cross-section, that parallels the outcrop belt along the western flank of the East Texas Basin from Dallas to Austin, and is datumed on the K670sb at the base of the MM:UEF. On this line the K670sb thins, and eventually truncates the LM:UEF to the south. Thus on the southern end of this line, the MM:UEF is unconformably juxtaposed on the LEF. Click here for a high-resolution, large-format version of this image.
	Figure 13 Large Format Version

	Figure 14. Regional cross-section EW–700 from McClennen County (W) to Cherokee County (E) datumed on the K650mfs. On this line (1) the K600sb at the base of the Woodbine Group truncates the False Buda and then the Buda Formations to the west, (2) the K630sb at the base of the Eagle Ford Group thins the underlying Woodbine Group to the west, (3) the K650sb at the base of the UEF truncates the LEF to the east, (4) the k670sb at the base of the MM:UEF truncates the LM:UEF to the west, and (5) the K720sb truncates the UEF to the east. Click here for a high-resolution, large-format version of this image.
	Figure 14 Large Format Version

	Figure 15. Regional cross-section NS–400 from Limestone County (N) to southern Burleson County (S) datumed on the K600sbm. On this line, the K600sb truncates the False Buda Formation to the north, (2) the Woodbine Group thins outboard of the interpreted K630 depositional shelf break (red dot) to the south, and (3) the K630 lowstand systems tract (black) onlaps the K630sb toward the K630 depositional shelf break to the north. Please note the location of the cored industry well near the end of the line. Click here for a high-resolution, large-format version of this image.
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	Figure 16. Western portion of well-log cross-section 880, which is datumed on the K600sb, the base of the Woodbine Group. This cross-section illustrates that the LEF (black, gray, red), overlies basinal mudstones of the Woodbine Group (orange), and is overlain by the LM:UEF (yellow). Please note (1) scale bar, (2) thinning of the LM:UEF to the west due to depositional thinning and truncation beneath the K720, base Austin unconformity, (3) incision at the top of the Austin (light blue), by the K800sb, base Taylor unconformity, and (4) reciprocal thickness of overlying Taylor Group (tan). Click here for a high-resolution, large-format version of this image.
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	Figure 17. Regional cross-section NS–500 from northern Hunt County (N) to southern Brazos County (S) datumed on the K650mfs. Please note (1) truncation of the False Buda and Buda formations to the north, beneath the K600sb (base Woodbine unconformity), (2) regional truncation of the Woodbine Group (orange) to the south, beneath the K630sb (base Eagle Ford unconformity), (3) distinct thinning of the Woodbine Group (orange) seaward to the interpreted K630 depositional shelf break (red dot), (4) onlap of the interpreted K630 lowstand (black), seaward of the interpreted K630 depositional shelf break, (5) truncation of the LEF (gray) to the north, beneath the K650 (base UEF unconformity), and (6) widespread extent of the LM:UEF (yellow) across the lin
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	Figure 18. (A) Distribution map of the False Buda and Buda formations, (B) paleogeographic map of the Woodbine Group (Freestone delta), (C) paleogeographic map of the LEF, and (D) paleogeographic map of the LM:UEF (Harris delta).
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