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ABSTRACT

The Austin Chalk in Louisiana is an active petroleum exploration and production trend. For this siliciclastic-rich chalk to
be exploited efficiently, knowledge of the stratal architecture, lithofacies and their distribution, environmental setting, deposi-
tional processes, and associated geological characteristics is required. Integration of wireline-log and core data is an excellent
method for characterizing this fractured, low-porosity-matrix reservoir system. In the producing trend in Louisiana, the Aus-
tin Chalk was deposited in an open-marine, outer shelf setting below storm wave base. Four major lithofacies can be defined
that allow analysis of the stratal architecture and stacking patterns within the Austin Chalk. Lithofacies 1 is a highly bioturbat-
ed, organic-matter-poor, marly chalk and rarer pure chalk. Lithofacies 2 is a highly bioturbated, organic-matter-poor to -rich,
marly chalk to chalky marl. Lithofacies 3 is a slightly burrowed, organic-matter-rich, laminated marly chalk to lesser chalky
marl. Lithofacies 4 is an organic-matter-rich, well-laminated marly chalk to chalky marl. Lithofacies 1 was deposited under
oxic conditions, lithofacies 2 under oxic to dysoxic conditions, lithofacies 3 under dysoxic to anoxic conditions, and lithofacies 4
under anoxic conditions. Numerous small-scale cycles composed of organic-matter-poor, burrowed units alternating with or-
ganic-matter-rich, laminated units are similar to Milankovitch cycles as seen in age-equivalent Niobrara Chalk in the Western
Interior Seaway and chalks in the North Sea region in Europe. These cycles are most pronounced in deeper-water, outer-shelf
areas away from the regions of uplift. The Austin Chalk pore network is composed of interparticle nanopores between cocco-
lith elements and fewer intraparticle nanopores in clay platelets and inoceramid fragments. Some organic-matter nanopores
are within solid bitumen. Organic matter in the chalk is generally type II and I1I kerogen depending on lithofacies, and some of
the chalk has >2 wt% total organic carbon.

INTRODUCTION Seven cores from Louisiana (Fig. 3) within the Austin Chalk

provide an opportunity for investigation of the subsurface geolo-

The Upper Cretaceous Austin Chalk (Fig. 1) is an oil and gy and reservoir characteristics of this unit. The Austin Chalk is

gas producing reservoir trend (Fig. 2) and an active exploration a siliciclastic-rich limestone to calcareous siliciclastic mudstone

target in Louisiana (e. g., Passwaters, 2018; Barnes, 2019; Zbor- that is different from the purer chalks deposited in much of the

owski, 2019); however, little has been published about the stratal North Sea region (e.g., Fabricius, 2007) relative to reservoir qual-

architecture, lithofacies, environmental setting, depositional pro- ity and mechanical properties. This investigation has allowed us

cesses, or associated geological characteristics in the subsurface. the opportunity to study a chalk unit with contrasting lithofacies

and mineralogies (i.e., low- to high-siliciclastic content and or-
ganic-matter-poor to organic-matter-rich).

The major objective of this investigation is to define some of

Copyright © 2021. Gulf Coast Association of Geological Societies. All rights reserved.

Manuscript received January 29, 2021; revised manuscript received March 12, 2021; manu-  the geological aspects of the Austin Chalk producing trend in the
script accepted June 21, 2021. Louisiana onshore Gulf of Mexico (GOM) area (Figs. 2 and 3).

Specific objectives are to (1) define the stratal architecture of the
GCAGS Journal, v. 10 (2021), p. 47—75. Austin Chalk in the study area, (2) characterize the general litho-
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facies, (3) provide a review of variable environmental settings
and associated schematic depositional models, (4) outline deposi-
tional processes, and (5) discuss geological characteristics such
as total organic content (TOC), micropetrography (i.e., mineralo-
gy, texture, and fabric at the scale of resolution), pore types, and
reservoir quality.

Concepts revealed by this investigation of a siliciclastic-rich
chalk will enhance our knowledge of chalk deposition in an area
of the subsurface that has had minimal published studies and
where several cored sections of the Austin Chalk can be evaluat-
ed. Also, information on what controls the wide range in miner-
alogic composition of this chalk unit can be investigated. This
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Figure 3. Local paleography of area of investigation. Red dots = cores used in study. Blue dashed line = type-wireline cross
section A-B (Fig. 7); red dashed line = core cross section C-D (Figure 5). Blue boxes = wells: 1 = Stonegate Production No. 1
Donner, 2 = Texaco No. 1 James Lee, 3 = Chevron No. 1 Burton, and 4 = EOG No. 14-1H Eagle Ranch.

study can thus provide data relative to depositional settings and
associated processes of siliciclastic-rich chalks and geological
characteristics that are of value in the exploration and exploita-
tion of siliciclastic-rich chalks.

DATA AND METHODS

Rock data for this investigation come from seven cores in
Louisiana (Figs. 3 and 4). Wireline logs are available for each
cored well, except for the No. 17-1 Quinn core; however, the
nearby No. 15 Quinn wireline log can be used to stratigraphically
locate the No. 17-1 Quinn core. Relative positions of cores to
the top of the Austin Chalk (TAC) are shown in cross-section A—
B (Fig. 5). Lengths of core range from 57 ft (17.4 m) to 348 ft
(106.1 m), and depths to the tops of cores range from 7000 ft
(2133.6 m) to 15,910 ft (4852.1 m) (Fig. 4). Only the No. 1 Rob-
ert Todd core recovered a complete Austin Chalk section, with
preserved contacts of the Tuscaloosa Shale (below) and the Tay-
lor (above) (Fig. 4). Cores were slabbed so that a flat surface
could be viewed and described for texture, fabric, mineralogy,
larger biota, and sedimentary features using a binocular micro-
scope. A total of 145 thin sections were analyzed with a petro-
graphic microscope, and thin sections were impregnated with
blue epoxy to highlight macropores and blue-fluorescent dye to

highlight nanopores and micropores (using mercury-vapor light).

X-ray diffraction (XRD) analysis was completed on 209
samples by Weatherford Laboratories, which provided weight
percentages of major minerals and semiquantitative analysis of
clay minerals (Table 1). Mineralogic data were plotted using a
chalk classification developed by Loucks et al. (2020b), which
emphasizes the apparent mixing trend of carbonate and siliciclas-
tic minerals (Fig. 6). Sample preparation included disaggregating
rock chips using a mortar and pestle. A slurry was then prepared
and spray-dried onto a mount. Bulk samples were scanned with a
Bruker AXS D4 Endeavor X-ray diffractometer using copper K—
alpha radiation. Samples were scanned from 5° 26 to 70° 20 at a
step size of 0.02° per step. Bulk-mineral phases were identified
using MDI JADETM 9+ software and the ICDD PDF—4+ 2019
database. For oriented clay-mineral analysis, the >2 micron clay-
mineral fraction was dispersed using a Fisher Scientific Ultra
Sonifier. The Moore and Reynolds (1997) method was used to
identify mixed-layer clay minerals. Kaolinite and chlorite clay-
mineral phases were identified by the relative proportions of
peaks at 3.59 A for kaolinite and 3.54 A for chlorite.

Weatherford Laboratories analyzed 214 samples for total
organic carbon (TOC) and pyrolysis parameters (Rock-Eval).
Samples were correlated to lithofacies to show the relationship
between lithofacies and TOC content.
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Figure 4. Core descriptions. Continued on FACING PAGE.
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Figure 4, continued. Core descriptions.
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Figure 5. Stratigraphic cross section A-B of cores. Section datumed on top of Austin Chalk Group. See Figure 4 for detailed
core descriptions. Note wedge of predominantly dysoxic to anoxic strata in upper Austin Chalk to southwest and east. Loca-

tion of cross section shown in Figure 3.

Elemental chemical analyses were performed on the No. 1
Robert Todd and No. 17-1 Quinn cores using a hand-held X-ray
fluorescence instrument. Elemental concentrations were meas-
ured at a 2-in (5-cm) spacing along the core using a Bruker Trac-
er [V ED-XRF (portable X-ray fluorescence [pXRF]) instrument
equipped with an Rh X-ray tube. Excitation voltages of 15 and
40 kV were used for major and trace elements, respectively, with
the slabbed core being placed directly onto the nose of the pXRF
instrument. Major and trace elements were measured for 60 and
90 s, respectively. X-ray fluorescence measurements were cali-
brated using methods following Rowe et al. (2012).

One-hundred-thirty core plugs from the No.1 Sonat B6, No.
1 Singletary, and No. 1C Musser Davis cores were analyzed for
conventional porosity and permeability. Details relative to the
analytical method are unavailable. Also, a total of 47 samples
from two wells (No. 1 Singletary and No. 1 Cabra) were ana-
lyzed for routine Gas Research Institute (GRI) crushed-core po-

rosity analyses by Weatherford Laboratories. Samples were
crushed to 0.5 to 0.85 mm diameter and dried to 212°F (100°C)
before analysis. Permeability was not measured. Thirteen sam-
ples from the No. 1 Cabra well were selected for special porosity
and permeability analysis by a relatively new, highly reliable
(especially in the nanodarcy range), modified gas-expansion
method (MGE) for measuring tight rocks developed by Peng and
Loucks (2016) and Peng et al. (2019) During analysis, helium gas
in a pressure tank is introduced to a reference cell. After pressure
stabilization, gas is imported into the upper surface of a plug
sample installed in a core holder under confining pressure. Heli-
um pressure drops when gas permeates the sample. System vol-
ume (i.e., the volume of the reference cell) and dead volumes in
both the core holder and tubing are calibrated at different confin-
ing pressures, and the averages are used. Permeability can be
calculated by the analytical solution of a flow equation from the
late-phase pressure data.
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Table 1. Table lists the weight percent means of mineral types, separated by lithofacies, in the Austin Chalk Group from X-ray
diffraction analysis.

. . Calcite Dolomite Quartz Plagioclase K—spar
Lithofacies

Mean | S.D. | Mean | S.D. | Mean S.D.| Mean| S.D. | Mean | S.D.

All data 769 | 167 | 0.02 | 013 | 3.7 2.2 17 | 09 | 0.07 | 0.21

1 86.8 | 15.9 0 0 2.5 1.1 1.6 1.0 0.01 0.07

2 75.3 | 174 0.03 0.16 4.3 2.7 1.7 0.9 0.07 | 0.25

3 76.7 | 117 0.03 0.18 3.4 1.2 1.6 0.8 0.02 | 0.12

4 68.3 | 16.1 0 0 3.4 1.1 1.8 0.8 0.14 | 0.27
Mixed-layer clay Illite/mica Chlorite Kaolinite Apatite Pyrite

Lithofacies

Mean | S.D. | Mean | S.D. | Mean S.D.| Mean| S.D. | Mean| S.D.| Mean | S.D.
All data 7.4 9.3 1.7 2.4 1.0 1.3 1.6 2.8 0.2 0.8 1.6 1.5

1 2.7 2.2 0.6 0.7 0.6 0.7 0.5 0.6 0.1 0.1 0.5 0.6
2 7.4 9.6 1.6 2.5 1.1 1.6 1.4 2.3 0.2 0.9 1.7 1.5
3 8.7 9.1 20 24 0.8 0.9 1.7 2.1 0.4 0.7 1.8 1.2
4 139 | 111 3.2 26 1.2 1.1 3.7 54 0.3 0.4 2.6 1.6

showing mineralogy based on
209 XRD samples in area of in-
vestigation. Samples separated
by lithofacies. Red-dashed line
indicates mixing trend between
carbonate and siliciclastic com-
ponents. Mineralogy classifica-
tion scheme for chalks is from
Loucks et al. (2000a, 2000b).

Clay m|nerals Figure 6. Ternary diagram

Quartz an
dolomite O Lithofacies 1 @ Lithofacies 2 feIdSpar
@ Lithofacies 3 @ Lithofacies 4




54 Robert G. Loucks, Christopher K. Zahm, Toti E. Larson, Laura C. Zahm, and Peng Zeng

AUSTIN CHALK WIRELINE-LOG
STRATIGRAPHY

An investigation of subsurface stratigraphy of the Austin
Chalk depends on the establishment of acceptable wireline-log
correlation markers. The literature reveals no accepted wireline-
log stratigraphy or correlation markers for the Louisiana subsur-
face, although several wireline-log correlation markers have been
published (e.g., Anderson, 1979; Goddard, 2001; Louisiana De-
partment of Natural Resources, 2018; Louisiana Geological Sur-
vey, 2019), which are inconsistent on a definition of the upper
Austin Chalk contact (TAC). Most agree on the base of Austin
Chalk contact (BAC); however, Figure 7 shows the variability of
wireline-log picks presented for four different proposed Austin
Chalk tops as suggested by different studies. This study defines
the top of the Austin Chalk (TAC-1) using cores from the No. 1
Donner well in Sabine Parish and the No. 1 Robert Todd well in
West Feliciana Parish (Fig, 8). Our study is unique in that the
definition of the TAC is core-based; our correlation method for
interpreting markers in the Austin Chalk follows.

A regional study by Anderson (1979) constructed a series of
cross sections from East Texas into Mississippi, but the emphasis
was the northern Louisiana area, not the Austin Chalk producing
trend to the south. In one west to east cross section in his Figure
11 that includes Sabine, Vernon, and Rapides Parishes, he corre-
lated a thick Austin Chalk section that ranges from about 600 to
1000 ft (~180 to 300 m). This thickness is much larger than seen
in the wells shown in Figure 7. In his cross-section wells, the
Austin Chalk section has a lower carbonate-rich interval overlain
by a shaley interval. The lower carbonate-rich unit appears to be
equivalent to the TAC pick used in this present study.

The BAC correlation pick on wireline logs is straightforward
in its definition, showing a strong upward decrease in gamma-ray
values from siliciclastic-rich, Tuscaloosa strata below, into lesser
siliciclastic-rich Austin Chalk strata above (Fig. 7). Because the
TAC is more difficult to define using wireline logs alone, this
investigation defines the TAC on the basis of cores from the No.
1 Donner and the No. 1 Robert Todd wells. Cores are interpreted
to have recovered the contact between the Austin Chalk below
and the Taylor section above (Fig. 8). The Taylor cored section
can be identified by a significant increase in siliciclastics relative
to the Austin Chalk section in the No. 1 Donner core. The bot-
tom 50 ft (15.2 m) of the Taylor has a siliciclastic mean of 44
wt% according to 9 XRD analyses, whereas the top 50 ft (15.2
m) of the Austin Chalk has a siliciclastic mean of 32 wt% accord-
ing to 10 XRD analyses. Also, the Taylor section in the No. 1
Donner core is not as cyclically bedded as is the Austin Chalk
section. At the correlative No. 1 Donner wireline-log pick in the
No. 1 Robert Todd well, the core shows a break from less cyclic
strata above in the Taylor, similar to the Donner core, to more
cyclic strata below in the Austin Chalk. By comparing cores and
wireline logs, we have defined a core-based Austin Chalk upper
contact (Fig. 8) that correlates relatively well within the area of
investigation (~100 mi [~161 km]). Although this TAC contact
is lower in the section than other Austin Chalk picks (Fig. 7), this
TAC-1 pick is the only one based on lithologic changes in cores.
We consider our correlation pick for TAC to be a “working”
TAC pick. The pick represents a change in lithofacies character,
and it emphasizes the carbonate-rich Austin Chalk section.

REGIONAL GEOLOGICAL SETTING

The Austin Chalk (group status in the Austin and Dallas
areas, formation level elsewhere) is one of several chalks deposit-
ed on the deeper water northern Gulf of Mexico platform during
the Late Cretaceous. These chalks include the Buda Formation
and Eagle Ford/Tuscaloosa Group below and the Ozan, Annona,
Marlbrook, and Saratoga formations above (Fig. 1). Phelps et al.
(2013) documented that the Austin Chalk is Coniacian to lower

Campanian in age, spanning an ~9 m.y. time period of from 89 to
80 Ma (Fig. 1), and that the Upper Cretaceous platform displayed
widespread flooding of the shelf during this period (Fig. 1).
Loucks et al. (2020b) estimated that water depth along the area of
the Austin Chalk producing trend was >300 ft (>90 m) (outer
drowned shelf) on the basis of the sedimentary characteristics of
the chalk. According to Blakey's (2011) paleogeographic map of
the Upper Cretaceous Gulf of Mexico (Fig. 2), the Florida and
Yucatan peninsulas were drowned, and the ancient Gulf of Mexi-
co was essentially an open-oceanic setting. In such a setting, the
depth to storm wave base may have been similar to storm wave
base (~300 ft [~91 m]) on the east side (i.e., open ocean) of the
present-day Florida Peninsula (Reading and Collinson, 1996).
As discussed in a later section, sedimentary features and biotas
support an open-marine, deeper-water setting, with no effects
produced by storm-generated surface waves.

Two major land masses separated by the Western Interior
Seaway were possible sources of siliciclastic sediments onto the
Austin Chalk drowned shelf—the Appalachian land mass to the
north and the Cordilleran land mass to the west (Fig. 2). The
Appalachian land mass was the closest to the study area, lying
~60 mi (~100 km) to the north of the area of investigation. Sev-
eral possible sources of volcanic ash were the western Cordille-
ran area to the west, the Uvalde Volcanic Field and Travis Vol-
canic Field in south and central Texas (Baker and Young, 1979;
Ewing and Caran, 1982; Dennen and Hackley, 2012), and areas
in northern Arkansas (Clark, 1995).

Biotas of predominately coccolithophores, planktic foramin-
ifers, and calcispheres support a deeper-water, outer-shelf, open-
marine setting for the Austin Chalk in the study area. Also, bot-
tom-setting conditions varied between oxic and anoxic, as indi-
cated by interbedded burrowed and laminated (i.e., unburrowed)
strata.

AUSTIN CHALK
GENERAL LITHOFACIES TYPES

Loucks et al. (2020a, 2020b) defined five general lithofacies
within the Austin Chalk (Fig. 9). They noted that these lithofa-
cies are present from the Texas—Mexico border to Louisiana.
Overall, the unit generally consists of marly chalk to chalky marl,
with few pure chalks (Fig. 6). Each lithofacies has a matrix of
peloidal coccolith-element hash and clay minerals (Figs. 9A, 9B,
and 10). The larger biotas are planktic and lesser benthic fora-
minifers, calcispheres, inoceramid and oyster fragments, and
echinoderm plates.

Lithofacies are defined or characterized by several parame-
ters: (1) depositional features, (2) biotas, (3) mineralogy, and
(4) organic matter. Overlap in characteristics is abundant; how-
ever, some dominant characteristics prevail that define each
lithofacies. Before the five lithofacies are described, some of
their parameters are introduced and reviewed.

Depositional Features

Depositional features noted in the Austin Chalk are reviewed
in this section, and the integration and significance of these fea-
tures are presented in the discussion section. Three major classes
of depositional features are recognized: (1) burrows, (2) lamina-
tions, and (3) gravity flow deposits.

Burrows

Although several studies address bioturbation in the Austin
Chalk Group (e.g., Dawson and Reaser, 1990; Loucks et al.,
2020b), most studies are from updip outcrops in Texas where the
Austin Chalk depositional setting was more oxygenated (e.g.,
Dravis, 1979) and trace-fossil assemblages are relatively simple,
consisting of Planolites, Teichichnus, Thalassinoides, and Chon-
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Figure 9. Core slab and thin-section examples of general lithofacies types. (A) Core slab of lithofacies 1: highly bioturbated,
organic-matter-poor marly chalk. Note vertical burrow cutting earlier burrows. Stonegate Production No. 1 Donner (7031.0 ft
[2225.3 m]). (B) Core slab of lithofacies 2: highly bioturbated, organic-matter-poor to -rich, chalky marl. Sample contains abun-
dant horizontal burrows and solution seams. Stonegate Production No. 1 Donner (7150.5 ft [2179.5 m]). (C) Core slab of lithofa-
cies 3: slightly burrowed (horizontal), organic-matter-rich, laminated marly chalk. Core-slab sample from titled slide block.
White grains = inoceramid fragments. ARCO No. 1 Singletary (14,780.0 ft [4504.9 m]). (D) Core slab of lithofacies 4: organic-
matter-rich, well-laminated marly chalk. Slab displays compacted inoceramid fragments. Union Pacific Resources No. 1 Sonat
B6 (14,330.0 ft [4367.7 m]). (E) Core slab of lithofacies 5: Mud-clast-rich debrite with peloidal coccolith matrix. Some mud
clasts contain inherited burrows. ARCO No. 1 Singletary (14,789.5 ft [4507.8 m]). (F) Core slab of thin debrite of inoceramid
fragments in lithofacies 4. Union Pacific Resources No. 17-1 Quinn (15,244.0 ft [4646.4 m]). (G) Thin-section example of peloi-
dal matrix seen in Austin Chalk samples. Peloids are probably marine snow. Marathon No. 1 Robert Todd (12,919.0 ft [3937.7
m]). (H) Thin-section example of lithofacies 1 showing planktic foraminifers and inoceramid fragments in coccolith-rich matrix.
Pyrite fills several intraparticle pores. Stonegate Production No. 1 Donner (7085.7 ft [2159.7 m]). (I) Thin-section example of
lithofacies 4 displaying laminae composed of inoceramid fragments and very fine skeletal hash. Union Pacific Resources No.
17-1 Quinn (15,234.6 ft [4647.2 m]).
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Figure 10. Micropetrography of Austin Chalk samples. All images are from energy-dispersive X-ray spectrometer analyses.
(A) Sample is calcite rich, composed mainly of coccolith elements and planktic foraminifers. Planktic foraminifers filled with
calcite cement. Some clay- to silt-size quartz and albite present. Union Pacific Resources No. 17-1 Quinn (15,216.4 ft [4637.0
m]). (B) Majority of matrix is calcite coccolith elements. Common quartz silt present; one pore contains authigenic kaolinite.
Marathon No. 1 Robert Todd (12,875 ft [3924.3 m]). (C) Sample with clay-mineral-rich (illite) seams showing compaction. Plank-
tic foraminifer and albite and quartz silt grains present. Some calcite matrix coccolith elements. Marathon No. 1 Robert Todd
(12,920.0 ft [3938.0 m]). (D) Clay-mineral-rich (illite) sample. Clay forms compacted seams. Larger calcite grains are inoceramid
fragments. Pyrite framboids present. Union Pacific Resources No. 17-1 Quinn (15,216.7 ft [4638.1 m]).

drites. Loucks et al. (2020b) studied an outer shelf Austin Chalk fossils recognized in that investigation were Chondrites isp., Cy-
core (Getty No. 1 Lloyd Hurt) in South Texas that covered the lindrichnus 1isp., Helicodromites isp., Nereites missouriensis,
entire chalk interval and where the bottom waters and sediments Palaeophycus isp., Phycosiphon incertum, Planolites isp., Rhizo-
ranged from oxic to anoxic. Many trace fossils were identified, corallium isp., Schaubcylindrichnus isp., Scolica isp., Teichich-
and the reader is referred to that study for more detail. The trace nus isp., Thalassinoides isp., and Zoophycos isp. No in-depth
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trace-fossil study was undertaken on the Louisiana Austin Chalk
cores, but the trace fossils viewed in the Louisiana cores are simi-
lar to those noted in the South Texas cores.

Most of the burrows in the Austin Chalk section are horizon-
tal to low angle; however, some vertical burrows in the original
oxygenated sediment crosscut other vertical and horizontal bur-
rows, creating tiers (e.g., Fig. 9A). The dominance of horizontal
burrows is so intense that in some samples, the rock has a hori-
zontal, pseudo-bedded appearance (e.g., Fig. 9B).

Laminations

A prominent feature in the Austin Chalk is poor- to well-
developed laminae (Figs. 9C, 9D, 9F, 91, 10C, and 10D). These
laminae are original depositional features, although partly en-
hanced by compaction (e.g., become thinner and flatter) of the
original mud-rich sediment and are preserved because of the lack
of bioturbation. Some laminae are unburrowed (e.g., Fig. 9D),
whereas other laminae preserve minor small, horizontal burrows
that were not abundant enough to destroy the laminae completely
(e.g., Fig. 9C).

The laminae appear to have several origins: (1) suspension-
fallout deposits, (2) dilute turbidites, (3) bottom-current deposits,
and (4) microbial mats. These features are not always easy to
separate according to origin because they can appear similar or
can be modified from their original form.

Much of the sedimentation in deeper-water environments is
suspension-fallout deposition (e.g., Ewing and Thorndike, 1965).
In the Austin Chalk sea, most of the sediment was derived by
carbonate biota productivity in the shallower, open-marine water
column (few feet/meters to hundreds of feet/meters of water
depth, e.g., Hiineke and Henrich, 2011). Also, as discussed later,
we suggest that much of the siliciclastic component was deliv-
ered by eolian processes as Eldrett et al. (2015) proposed for the
Eagle Ford Group, and this siliciclastic eolian sediment would
also settle to the sea bottom by suspension-fallout deposition.
The actual material that settles from suspension was probably
marine-snow aggerates or peloids, as described, for example, by
Alldredge and Silver (1988). The matrix in the Austin Chalk
commonly appears peloidal (Fig. 9G), the peloids being 10 to 30
microns in diameter and are assumed to be the product of marine
snow. Note that the peloids are visible only in thin section,
whereas scanning electron microscope (SEM) imaging does not
reveal peloids. The ~30-micron thickness of the thin sections
allows for observation of thinning of the peloid from its center to
its tapering edge.

Another process for sediment transport into the deep-
shelf environment is resedimentation of siliciclastic muds or shal-
lower-water chalk sediments. Evidence of resedimented debris-
flow deposits, ranging from 1 cm to 1 m in thickness, is evident
in the cores. Dilute turbidites, at the millimeter scale as well,
also transported these resedimented chalk and siliciclastic materi-
als and contrast with adjacent laminae by grain-size or grain-type
differences (e.g., Fig. 91). Stanley (1993) noted that dilute tur-
bidite laminae are difficult to distinguish from reworked sedi-
ment by bottom currents and presented an investigation to sepa-
rate dilute turbidites from bottom-current deposits. He showed a
continuous spectrum from pristine turbidites to fully evolved
bottom-current deposits and concluded that bottom currents
could effectively rework suspension deposits of marine-snow
peloids. The peloids most likely had hydraulic characteristics
similar to low-density, silt-size grains.

Another lamina-type is organic-matter layers containing
thin, isolated platelets of clay (Fig. 11). These layers are inter-
preted to be microbial mats similar to those described by
Schieber (2007). Comparable microbial mats were described by
Loucks et al. (2020b) in a South Texas Austin Chalk core. The
mats are microns to tens of microns thick and distorted by com-
paction. Loucks et al. (2020b, 2021) provided evidence that
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these are not compaction-solution seams of organic-matter resi-
due, noting that rip-up clasts of these mats are commonly associ-
ated with in-place mats and that rip-up clasts of mats are also
present in Louisiana Austin Chalk cores (Fig. 11). The rip-up
clasts are evidence that these organic-matter laminae cannot be
pressure-solution seams because such seams form during burial.
If these organic-matter seams formed during burial, they could
not have been exposed at the seafloor to be eroded into clasts.
Schieber (2007) provided similar evidence relative to microbial
mat rip-up clasts. Also, insoluble residue such as quartz and
albite silt, pyrite framboids, etc., were noted in the seams.

Debrites

Besides dilute turbidites, the other type of gravity-flow de-
posit recognized in the Austin Chalk is thin debrites, which ap-
pear as beds formed by mud intraclasts (chalk material) (e.g., Fig.
9E) in a mud matrix (coccolith hash dominated) and has skeletal
layers dominated by compacted inoceramid fragments (e.g., Fig.
9F). Fragile inoceramid shells can be transported without frag-
menting in debris flows as the supporting mechanism by buoyan-
cy and not turbidity (e.g., Mulder and Alexander, 2001).

Biotas

Biotas are important to an understanding of the depositional
setting of the Austin Chalk. Observed biotas comprise predomi-
nantly planktic flora and fauna that lived in the offshore, shallow-
er water column in an open-marine setting (Figs. 9, 10, and 12).

Coccolithophores

Coccolithophores, which provide most of the carbonate ma-
terial that composes the chalk, are marine, unicellular phyto-
plankton organisms encased in calcite plates or coccoliths (e.g.,
Guerreiro, 2013), which live in the open-marine shallower-water
column, and whose habitat ranges from the surface down to 650
ft (200 m) (Guerreiro, 2013). They prefer still, nutrient-poor
water. Individual coccolithophores settle to the bottom of the sea
but more commonly settle as agglutinated marine snow and as
fecal pellets (Roth, 1994; Steinmetz, 1994; Balch, 2004).
Broerse et al. (2000) and Ziveri et al. (2000a, 2000b) showed that
coccolithophores begin to break down into coccoliths and cocco-
lith fragments as they descend through the water column.

As seen in SEM images of the Austin Chalk, calcite cocco-
liths and associated elements compose most of the matrix (Figs.
10A and 10B). Scholle (1977) and Loucks et al. (2020b, 2021)
showed that the major diagenetic process that lithifies these Aus-
tin Chalk coccolith hashes is calcite overgrowth cementation.

Foraminifera

Planktic foraminifers in the Austin Chalk (Figs. 9H, 12C,
12D, and 12F) in the study area far outnumber benthic foramini-
fers (Fig. 12F). In fact, planktic foraminifers are present in near-
ly all samples, whereas most samples have no benthic foramini-
fers, and only a few samples show a small number of benthic
foraminifers. Planktic foraminifers live in a euphotic zone in the
marine environment (e.g., B¢, 1960), as they require light for
photosynthesis. This limits planktic foraminifers to the upper
650 ft (200 m) of the water column and, generally, to the upper
330 £t (100 m).

On the other hand, benthic foraminifers are bottom dwellers
and can live on modern shelves to depths of 1500 ft (500 m) (van
der Zwann et al., 1990). The lack of benthic foraminifers in the
Austin Chalk is remarkable because, in similar modern platform
environments, such as the northern Yucatan Platform near the
shelf break at depths of ~405 ft (~150 m), 20 to 60% of the fora-
minifer population consists of benthic foraminifers (Williams,
1963). Also, benthic foraminifers are common in North Sea



60 Robert G. Loucks, Christopher K. Zahm, Toti E. Larson, Laura C. Zahm, and Peng Zeng

AT
"~ . Microbial matf’
rip- up clast e

Y g | HFW | WD
Mix | 10.0kV | 5.0 |33 861 x[8.81 um| 5.0 mm

\’VP"'
Coccollth
4 elements |

Microbial mat
rip-up clast

spot| mag |

Mix | 15.0kV | 5.0 [15418 x|19.4 pm| 9.5 mr

Figure 11. Microbial mats. (A) Compacted organic-matter microbial mat containing clay platelets. Above mat is rip-up clast of
microbial mat indicating exposure at sea bottom. Marathon No. 1 Robert Todd (12,290.2 ft [3746.1 m]). (B) Microbial mat rip-up
clast with clay platelets in coccolith-element matrix. Marathon No. 1 Robert Todd (12,974.0 ft [3954.5 m]).

chalks (e.g., Bergen and Sikora, 1999). The low abundance to
absence of benthic foraminifers in the Austin Chalk strata sug-
gests very deepwater sedimentation or restricted anoxic bottom
waters. Austin Chalk water depths in the area of investigation
are thought to be in the range of 300 ft (90 m) to possibly 600 ft
(180 m) or more, which is still in the depth range of benthic fora-
minifers; therefore, the bottom waters must not have been suita-
ble for benthic foraminifers to live.

We do note the occurrence of rare agglutinated foraminifers
in beds that contained quartz silt (Fig. 12I); these foraminifers
used this silt to construct their tests (Fig. 12I). Agglutinated fora-
minifers can live in deeper-water environments under dysoxic
conditions (Schieber, 2009).

Calcispheres

Calcispheres are calcareous cysts of planktic dinoflagellates,
which lived in the shallower part of the water column in the pho-
tic zone (Vink, 2004). Fliigel (2004) noted that calcispheres are
generally found in deep-shelf to slope sediment and less com-
monly in inner-shelf sediment. They are common in some Aus-
tin Chalk samples (Fig. 12C).

Inoceramids

Broken fragments and individual elements of inoceramid
molluscan bivalves (Figs. 9D, 9H, 91, 12D, and 12F) are found
scattered throughout the Austin Chalk strata. They are also com-
mon in other, deeper-water units of the Upper Cretaceous in Tex-
as, such as the Buda Formation (Loucks et al., 2019) and the
Eagle Ford Group (Loucks, 2018), although whole specimens are
rare. Inoceramids (now extinct) were flat and thin-shelled (with
a prismatic-crystal wall structure), which allowed them to live on
soft, muddy bottoms without sinking into the mud. They also
had large gill areas, which enabled them to survive in oxygen-
deficient waters (Boucot, 1990). The nearly whole to larger shell
fragments occur in anoxic, laminated lithofacies, in which the
lack of bioturbation precluded the mechanical abrasion of the

shells. In more oxidized lithofacies, burrowers mechanically
fragmented the thin, prismatic shells into individual prisms (e.g.,
Fig. 12D) or fine fragments composing a few prisms.

Echinoderms

Fragments of both benthic and pelagic echinoderms occur in
the Austin Chalk section. The benthic echinoderms are probably
echinoids (e.g., Fig. 12D), and fragments of these organisms are
noted in the more oxic strata. The pelagic echinoderms were
saccocomids or swimming crinoids (e.g., Fig. 12E) common in
the Late Cretaceous (e.g., Moore, 1967). They floated in the
water column and settled to the bottom after death. Fragments of
saccocomids are more common in deeper-water Austin Chalk
lithofacies as they favored an open-marine environment

Oysters

Oysters (e.g., Fig. 12G) occur in the oxygenated Austin
Chalk lithofacies, which appear to be sediments deposited in
shallower water. Oysters, always found as fragments in the Aus-
tin Chalk, can tolerate variations in temperature, salinity, dis-
solved oxygen, and concentrations of suspended sediments
(South Carolina Oyster Recycling and Enhancement, 2020).

Other Biotas

Rare occurrences of other biotas noted in the Austin Chalk
include radiolarians (e.g., Fig. 12A), ostracods (e.g., Fig. 12C),
and fish detritus (e.g., Fig. 12H). The radiolarians lived in the
outer-shelf, open-marine, shallow-water column, whereas the few
ostracods noted were found in strata suggesting shallower-water,
oxic deposition. Fish detritus includes scales, bones, and teeth.

Mineralogy Overview

A ternary diagram (Fig. 6) summarizes XRD mineralogic
analyses for the Louisiana Austin Chalk, showing a trend be-
tween carbonate (predominately calcite with traces of dolomite)
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Musser Davis 15915.2 <3 R

Figure 12. (A) Exampl

e of radiolarian filled with calcite cement and geopetal pyrite. ARCO No. 1 Singletary

(14,859.0 ft [4529.0 m]). (B) Calcispheres filled with calcite cement. ARCO No. C1 Musser Davis (15959.5 ft [4864.5 m]). (C)
Planktic foraminifers, ostracod valve fragment, and radiolarians. Coffman No. 1 Cabra (8451.8 ft [2576.1 m). (D) Larger planktic
foraminifer with fragment of echinoderm spine. Individual prisms of disaggregated inoceramids present. Coffman No. 1 Cabra
(8432.5 ft [2570.2 m). (E) Examples of pelagic crinoid (saccomidic) plate. Some small planktic foraminifers present. ARCO No.
1 Singletary (14,824.6 ft [4518.5 m]). (F) Sample contains benthic and planktic foraminifers. Individual inoceramid prism pre-
sent. Coffman No. 1 Cabra (8428.3 ft [2568.9 m). (G) Oyster and inoceramid fragments. ARCO No. C1 Musser Davis (15,915.2 ft
[4861.6 m]). (H) Example of phosphate fish scale in matrix with abundant small, planktic foraminifers. Coffman No. 1 Cabra
(8432.5 ft [2570.2 m). (I) Agglutinated foraminifer composed of quartz-silt grains. Quartz silt similar to volcanic quartz silt noted

in South Texas by Loucks et al. (2020a). Ostracod valve also present. ARCO No. 1 Singletary (14,859.0ft [4529.0 m]).

and siliciclastic material. A similar trend was noted by Loucks et
al. (2020a) for 715 Austin Chalk XRD samples ranging in loca-
tion from the Texas-Mexico border to Louisiana. Loucks et al.
(2020a) postulated that it is a mixing trend and a product of
changing ocean chemistry, whereas siliciclastic input remains
relatively constant; see that paper for a more in-depth discussion.
A preponderance of the Austin Chalk samples in Louisiana is
carbonate rich with a majority of samples being more than 50
wt% calcite. Most lithofacies have more than a 5 wt% clay-
mineral component, making them impure chalk (pure chalk con-
sidered to be <5 wt% siliciclastics). Note that low amounts of
clay minerals can affect rock strength. McGinnis et al. (2017)
showed that even clay-mineral abundances of 5 wt% can affect
rock mechanical properties, and at 10 wt% clay-mineral abun-

dances, the effect on rock mechanical properties is significant.
Phosphate minerals in the form of fish-detritus peloids (discussed
earlier) and small clasts are also present.

Organic-Matter Overview

Some of the Austin Chalk is rich in organic matter (up to 7
wt% TOC) (Fig. 13). Much of the organic matter is type II kero-
gen, as shown in a pseudo-van Krevelen plot (Fig. 14). A popu-
lation of the samples plot in the hydrogen-index (HI) range of the
50 to 150 mg HC/g TOC area (Fig. 14A). These samples are
from downdip cores (No. 1 Sonat B6, No. 17-1 Quinn, No. 1
Singletary, and No. C1 Muster Davis), which have higher calcu-
lated R, (i.e., thermal maturity equivalent related to vitrinite re-
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Figure 13. Source rock quality. (A) Plot of S1 + S2 versus TOC. Data indicate organic matter in many Austin Chalk samples
analyzed are fair to excellent source rocks. Two trends noted that are related to thermal maturity. Blue dots are from lower R,
samples and red dots are from higher R, samples. (B) Plot of S1 + S2 versus TOC where data are separated by lithofacies.
(C) Percent mean values of total organic carbon (TOC) separated by lithofacies.

flectance) in the range of >0.7% to 0.9%. These samples proba-
bly had kerogen characteristics earlier in their burial history simi-
lar to those in core samples from the No. 1 Donner, No. 1 Cabra,
and No. 1 Robert Todd wells (HC/g TOC = 150 to 550 mg/g,
which have lower thermal maturity (<0.7% R,). Samples with
higher thermal maturity are interpreted to have evolved to the
point of expelling much of their hydrocarbon, no longer reflect-
ing original organic-matter composition.

A cross-plot of S1 + S2 versus TOC (Fig. 13) indicates that
many Austin Chalk samples are fair to excellent source rocks,
reflecting two trends. Blue dots equal low-maturity (i.e., calcu-
lated R, values <0.7%) samples, and red dots equal high-maturity
(i.e., calculated R,’s >0.7%) samples. Those of lower maturity
are just entering the oil window, whereas those of higher maturi-
ty are in the early to late oil window. As seen in lower-maturity
samples (Fig. 14A), the preponderance of Type II kerogen indi-
cates good-quality algal-based source rock.

General Lithofacies Types

Rock-slab and thin-section examples of all lithofacies are
presented in Figure 9. In general, there are no sharp boundaries
between the major lithofacies. Lithofacies range from siliciclas-
tic and organic-matter-poor and highly bioturbated to siliciclastic
and organic-matter-rich and well laminated. These lithofacies

generally have the same biotic suite, although proportions vary.
Along with each lithofacies description, we infer the general dep-
ositional environment. In a later section, a more detailed discus-
sion of depositional environments is presented.

Lithofacies 1

Lithofacies 1 is a highly bioturbated marly chalk and lesser
pure chalk poor in organic matter (Figs. 6, 9A, 9H, and 13), with
fabric ranging from well-defined burrows (Fig. 9A) to totally
bioturbated rock, and is generally light-colored. Most burrows
are horizontal, whereas deeper-tiered burrows are vertical (Fig.
9A). This lithofacies is the most calcite-rich (Table 1, Fig. 6),
and coccolith elements, planktic foraminifer, calcispheres, and
inoceramid fragments are common. Some benthic foraminifers,
echinoderm plates, oyster fragments, and ostracods are also pre-
sent.

Mineralogy is dominated by calcite (86.8 wt%), with 4.4
wt% clay minerals, 2.5 wt% quartz, and 1.6 wt% albite (Table 1).
Much of the quartz and feldspar are not readily visible in thin
sections, but they are observed as micron-sized particles as im-
aged on the SEM. Pyrite (0.5 wt%) fills foraminifer tests (Fig.
9H) and occurs as micron-sized framboids. This lithofacies con-
tains the lowest amount of TOC, with a mean of 0.32 wt% (Fig.
13C), and the lowest amount of pyrite.
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Figure 14. Pseudo-van Krevelen plots of hydrogen index versus oxygen index. (A) Pseudo-van Krevelen plot where data are

separated by thermal maturity level.

Given the biotas, abundance of burrowing, lack of benthic
foraminifers, and relatively low TOC and pyrite content, the dep-
ositional environment is postulated to be an oxic, possibly
stressed, deeper water setting below storm wave base.

Lithofacies 2

Lithofacies 2 is a highly bioturbated marly chalk to chalky
marl with variable amounts of organic matter (Figs. 6, 9B, and
13). A few samples plot as calcareous siliciclastic mudstones.
The amount of siliciclastic material varies from ~5 to 75 wt%
(Fig. 6), and most burrows are horizontal (Fig. 9B). The intense
horizontal burrowing and pressure-solution seams can produce a
fabric that appears to be pseudolaminated (Fig. 9B). This lithofa-
cies essentially has the same biota components as lithofacies 1

Mineralogy is dominated by calcite (75.3 wt%), with 11.5
wt% clay minerals, 4.3 wt% quartz, and 1.6 wt% albite (Table 1).
Pyrite (1.7 wt%) fills foraminifer tests and occurs as micron-
sized framboids. This lithofacies contains the second-lowest
amount of organic matter, with a mean of 0.76 wt% (Fig. 13).

The depositional setting is inferred to be below storm wave
base in an oxic to dysoxic setting, given the biotas, abundance of
burrowing, moderate TOC, and abundant pyrite.

Lithofacies 3

Lithofacies 3 is a slightly burrowed (horizontal) laminated
marly chalk to subordinate chalky marl rich in organic matter
(Figs. 6, 9B, and 13). The amount of siliciclastic material is vari-
able, ranging from 5 to 55 wt% (Fig. 6). Most burrows are small,
few (millimeters in diameter), and horizontal. This lithofacies
has predominately deeper-water, open-marine biotas consisting
of coccolith elements, planktic foraminifers, and inoceramid
fragments.

Mineralogy is dominated by calcite (76.7 wt%), with 13.2
wt% clay minerals, 3.4 wt% quartz, and 1.6 wt% albite (Table 1).
Pyrite (1.8 wt%) occurs as micron-sized framboids that fill fora-
minifer tests and replaces matrix. Lithofacies 3 contains the sec-
ond-highest amount of TOC, with a mean of 1.75 wt%.

(B) Pseudo-van Krevelen plot where data are separated by lithofacies.

The depositional environment is inferred to have been de-
posited in a deeper-water, below storm wave base, dysoxic to
anoxic setting, given the laminations, biotas, limited number of
horizontal burrows, high TOC, and abundant pyrite.

Lithofacies 4

Lithofacies 4 is well-laminated marly chalk to chalky marl
rich in organic matter (Figs. 6, 9B, and 13). The amount of si-
liciclastic material is variable, ranging from 5 to 63% (Fig. 0).
This lithofacies contains predominately deeper-water, open-
marine biotas consisting of coccolith elements, planktic foramini-
fers, and large inoceramid fragments (e.g., Fig. 9D).

Mineralogy is dominated by calcite (68.3 wt%), with ~22.0
wt% clay minerals, 3.4 wt% quartz, and 1.8 wt% albite (Fig. 7).
Pyrite (2.6 wt%) fills foraminifer tests and occurs as micron-
sized framboids in the matrix. This lithofacies contains the high-
est amount of organic carbon, with a mean of 2.03 wt% (Fig. 13),
as well as the highest amount of pyrite.

The depositional environment is inferred to represent deeper
water, below storm wave base, anoxic setting, given the lamina-
tions, biotas, lack of burrows, high TOC, and abundant pyrite.

Lithofacies 5

Lithofacies 5 makes up only a minor portion of the Aus-
tin Chalk section in the study area (Figs. 4A and 4B). The lithol-
ogy is variable because the facies is a product of gravity flow
processes—mainly debris flows (> 5% clasts) with lesser mud
flows (<5% clasts). The depositional fabric is generally de-
scribed as an intraclast to skeletal floatstone with a peloidal coc-
colith-rich matrix but ranges from intraclasts in a massive matrix-
dominated floatstone (Fig. 9E) to thin layers of skeletal debris
(Fig. 9F).

The mineralogy of lithofacies 5 is a function of source mate-
rial from updip areas. Most fossils are of open-marine biotas,
such as planktic foraminifers and coccolith elements. TOC is
low (>0.3 wt%) because the unit was sourced from updip oxic
areas.
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These gravity-flow deposits or debrites are a product of
resedimentation of updip lithologies into the area of investiga-
tion. They are not common and occur randomly throughout the
section.

Comparison of Lithofacies 1 through 4

Several trends from lithofacies 1 through 4 can be noted,
including an apparent correlation of oxygenation of bottom wa-
ters and bottom sediments decreasing from oxic to anoxic. A
strong indicator of this trend is the abundance of burrows in
lithofacies 1 and 2, small amounts of burrows in lithofacies 3,
and no burrows in lithofacies 4. Paralleling this oxic to anoxic
trend is a change from no laminae in lithofacies 1 and 2 to mod-
erate- to well-developed laminae in lithofacies 3 and 4. Also
paralleling this decrease in oxygenation is an increase in TOC
from 0.32 wt% in lithofacies 1 to 2.03 wt% in lithofacies 4.

Mineralogy also displays several trends from lithofacies 1
through 4. Overall carbonate decreases from lithofacies 1 to 4
(Table 1). Clay-mineral content generally increases continuously
from lithofacies 1 through 4 (Table 1), from 4.4 wt% in lithofa-
cies 1, 11.5 wt% in lithofacies 2, 13.2 wt% in lithofacies 3, and
22.0 wt% in lithofacies 4. Pyrite, which reflects reducing condi-
tions, also shows an increase in abundance from lithofacies 1
through 4 (0.5 wt%, 1.7 wt%, 1.8 wt%, and 2.6 wt%, respective-

ly).

Trends seen in depositional features, mineralogy, and TOC
support the identification of these four lithofacies as the principal
building blocks that are significant to understanding stratal and
stacking patterns in the Austin Chalk. They allow a consistent
lithofacies nomenclature in Louisiana, as well as along the com-
plete Austin Chalk trend. Future studies within the northern Gulf
of Mexico Basin may correlate these lithofacies to other proper-
ties, such as source-rock richness, mechanical properties, and
reservoir quality.

DISCUSSION OF DEPOSITIONAL SETTING
AND PROCESSES

Few in-depth studies have been completed on depositional
environments and associated depositional processes of the Austin
Chalk (e.g., Dravis, 1979; Dawson and Reaser, 1990; Hovorka
and Nance, 1994; Dawson et al., 1995; Pearson, 2012; Cooper et
al., 2020; Loucks et al., 2020b). The Austin Chalk in the produc-
ing trend in Louisiana has generally been regarded as a more or
less homogenous section composed of chalk-based rocks with
some variation in mineralogy. The present investigation of cores
in Louisiana shows that the origin of Austin Chalk lithologies is
more complex, although readily understandable when ap-
proached from a detailed lithofacies analysis based on rock de-
scription and analysis.

Austin Chalk Depositional Setting in Louisiana

Vail et al. (1977) noted that sedimentation of the Austin
Chalk occurred during worldwide flooding of Late Cretaceous
continental shelves. In the Louisiana area, this flooding pro-
duced a series of chalks (Fig. 1) during the Cenomanian—
Campanian supersequence (101-80 Ma) defined by Phelps et al.
(2013) (Fig. 1); the Austin Chalk is at the upper part of this se-
quence in the regressive leg. During this time, the area of the
Austin Chalk in Louisiana was situated on the drowned outer
shelf over 60 mi (100 km) from the nearest landmass (Fig. 2).
Clark (1995) documented siliciclastic input (Tokio Sandstone)
into southern Arkansas and northernmost Louisiana and inter-
preted that these lithic-rich sandstones were deposited in deltaic
to littoral settings. No sandstone is noted in the Austin Chalk
section in the study area, and sand-sized siliciclastic grains are
scarce. As discussed earlier, water depths were estimated to be
>300 ft (>100 m) and below storm wave base. The shallow part

of the water column was generally open marine and well oxygen-
ated, given the pelagic biotas that lived in this zone. However, as
is discussed below, seawater chemistry is inferred to have
changed many times during Austin Chalk deposition, given the
variations and cyclicity in bottom-sediment types deposited. The
Late Cretaceous is characterized by a greenhouse climate where
sea-level changes were moderate, generally being less than ~75 ft
(~25 m); during the Coniacian, where most cyclic bedding oc-
curs, sea-level fluctuations were generally less than ~35 ft (~12
m) (Ray et al., 2019). These low fluctuations in sea level would
most likely not have influenced the deeper water sea-bottom en-
vironments in the study area.

Austin Chalk Depositional Models

Loucks et al. (2017, 2019) developed schematic depositional
models for the Annona and Buda chalks. The intent of these
models was to pictorially present and organize suggested deposi-
tional settings and associated depositional processes. In this in-
vestigation, these chalk depositional models (Fig. 15) were modi-
fied to represent the depositional setting and associated deposi-
tional processes for the four main lithofacies, which were defined
for the Austin Chalk in the present area. A schematic deposition-
al model for lithofacies 5 is not presented because it is an uncom-
mon, randomly-occurring lithofacies in the Louisiana Austin
Chalk, and also because debrite models are well known (e.g.,
Mulder and Alexander, 2001).

Austin Chalk Lithofacies 1 Depositional Model

A depositional model of lithofacies 1 illustrates a highly
bioturbated, organic-matter-poor marly chalk with some pure
chalk (Fig. 15A). The general depositional setting was in an
open-marine, outer-shelf area far enough seaward to preclude
sand-sized siliciclastic sediment. The near-surface, pelagic car-
bonate factory generated abundant carbonate material that settled
by suspension to the deeper seafloor following death. Clay- to
silt-sized, siliciclastic sediments are interpreted to have been
transported into the outer-shelf area mainly by windblown dust
(e.g., continental sediment and volcanic ash), given the fine grain
size and lack of any sand-sized siliciclastic sediment. Pelagic
carbonate detritus, organic matter, and siliciclastic clay minerals,
and fine silt amalgamated into marine-snow peloids, allowing
more rapid suspension material. Also, much of the suspended
detritus was fed upon by pelagic animals, such as copepods
(Hattin, 1975), that digested the coccolithophores and broke them
down into coccoliths and coccolith elements, and excreted fecal
pellets. These fecal pellets composed of coccoliths are rarely
preserved because of bioturbation disaggregating them.

The sea bottom was below storm wave base and unaffected
by surface-gravity-wave hydrodynamic processes. Bottom con-
ditions were oxic, but some form of environmental stress must
have occurred in the bottom conditions, given the lack of benthic
foraminifers and the dominance of horizontal burrows over verti-
cal burrows. Most bottom sediments were composed of pelagic
fauna and flora derived from the open-marine, shallow part of the
water column. A minor amount of carbonate sediment was con-
tributed by benthic fauna. Some siliciclastic sediment was trans-
ported into the area by hemipelagic mud plumes and dilute tur-
bidites, as well as the eolian processes mentioned earlier. Bottom
currents and bioturbation reworked much of the sediment.
Where the bottom sediment was relatively firm, deeper burrows
such as Thalassinoides could become established, but in the mud-
dier, less consolidated (i.e., soupier) sediments, horizontal bur-
rows dominated.

Austin Chalk Lithofacies 2 Depositional Model

Figure 15B shows the depositional model for lithofacies 2,
defined as a highly bioturbated, marly chalk to chalky marl with
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variable amounts of organic matter. As with lithofacies 1, the
general depositional setting was an open-marine, outer-shelf set-
ting below storm wave base. Although the near-surface pelagic
carbonate factory was still generating carbonate material, the
relative amount of siliciclastic material accumulating appears to
have greatly increased (to 65 wt% as compared with only up to
20 wt% for lithofacies 1). The apparent increase in siliciclastic
input may be a result of short-term fluctuations in ocean-water
chemistry inhibiting high rates of carbonate production. Possibly
a decrease in carbonate sediment production allowed for a larger
relative percentage of siliciclastic sediment being deposited.
When water chemistry promoted high biological productivity, the
amount of siliciclastic accumulation was diluted; however, when
water chemistry inhibited carbonate production, siliciclastic rela-
tive input was enhanced (i.e., not diluted). Evidence shows that
ocean-water chemistry ranged from oxic to dysoxic conditions
throughout the water column. A plot of pyrite versus siliciclastic
content for lithofacies 2 shows a modest positive correlation (R =
0.63) (Fig. 16A), and a plot of TOC versus siliciclastic content
shows a weak positive correlation (R = 0.27) (Fig. 16B). Note
that because both pyrite and TOC are commonly correlated with
decreasing oxygenation or increasing redox conditions, we can
infer that an increase in clay-mineral content may be associated

with a decrease in the quality of ocean-surface water (i.e., lower
oxygen levels) and that a decrease (dilution) in clay-mineral con-
tent may be associated with an increase in ocean-surface-water
quality. In a later section, a suggestion that orbital climatic cy-
cles affected ocean-water chemistry in the Austin Chalk strata
will be discussed.

The greater abundance in siliciclastic sediments could also
be related to a larger influx of siliciclastic material and not just a
lowering of carbonate production. As in lithofacies 1, the si-
liciclastic component is very fine-grained and probably deposited
by eolian transport or hemipelagic processes. Unfortunately, no
data about environmental conditions on the Appalachian land
mass to the north exist that would suggest a change in the rate of
sediment dispersed from this area. Clark (1995) documented that
the Tokio Sandstone in northern Louisiana and southern Arkan-
sas had a volcanic source farther to the north, but he did not elab-
orate on the volcanic source. Ash beds or ash-bed components
are scarce in the Louisiana Austin Chalk Group cores; however,
if present, the volcanic material is probably extensively altered
and difficult to recognize. We may have recognized some vol-
canic quartz grains in a few samples (Fig. 12I). Also, a lithofa-
cies 2 sample has a kaolinite value of 24 wt% and two lithofacies
4 samples show kaolinite values of 13 and 14 wt%. Further,
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20 samples composed of lithofacies 2 to 4 show elevated kaolin-
ite values of above 5 wt%. The kaolinite could be the alteration
product of volcanic ash, as commonly seen in the Eagle Ford
Group (e.g., Loucks, 2018).

Depositional processes were generally similar to those in
lithofacies 1. Besides the relative increase in siliciclastic abun-
dance, the other difference in lithofacies 2 as compared with
lithofacies 1 is the increased amount of TOC and pyrite and the
near absence of vertical burrows such as Thalassinoides. The
abundance of bioturbation in lithofacies 2 suggests oxic bottom
water and sediment conditions. Still, the lack of vertical burrows
and increased TOC and pyrite suggest increased reducing condi-
tions and some periodic dysoxic conditions.

Austin Chalk Lithofacies 3 Depositional Model

Lithofacies 3 is a slightly burrowed, laminated marly chalk
to lesser chalky marl rich in organic matter (Fig. 15C). Lithofa-
cies 3 marks a major change in environmental conditions
throughout the water column. Bottom-sediment conditions show
a strong change from oxic/dysoxic to dysoxic/anoxic environ-
ments, given the preponderance of laminated sediments, high
TOC, and abundant pyrite. The general biotas and depositional
processes remain similar to those of the previous lithofacies.
However, water chemistry appears to have changed to stressed
conditions that slowed carbonate production and prohibited ex-
tensive bioturbation.

In lithofacies 3, sediment is somewhat to moderately lami-
nated, with some small horizontal burrows. Although the lami-
nated sediment suggests stressed dysoxic to anoxic conditions,
the horizontal burrows indicate some oxygenation periods. The
bottom environment probably ranged between dysoxic and anox-
ic. The enhanced redox conditions in lithofacies 3 promoted the
preservation of TOC and produced a potentially good source
rock.

In this deepwater setting, the upper water column is also
thought to have changed in water chemistry, which probably did
not continuously favor carbonate production. The lower produc-
tion rate enhanced the relative amount of siliciclastic sediment
abundance (i.e., not diluted) because the siliciclastic volume is
assumed to have remained constant (Loucks et al., 2020a,
2020b).

Austin Chalk Lithofacies 4 Depositional Model

The depositional model for lithofacies 4 (Fig. 15D), which
is a well-laminated marly chalk to chalky marl and rich in organ-
ic matter; is similar to lithofacies 3. Lithofacies 4 appears to
have been deposited in a fully anoxic setting. The major differ-
ences from lithofacies 3 are the near total absence of burrows
and the common appearance of microbial mats, as well as
thin, compacted inoceramid debrites. The depositional setting
for lithofacies 4 was anoxic at depth, in which the only life possi-
ble was chemotrophic microbial mats. All the skeletal material
noted was deposited from the open-marine, shallower, oxygenat-
ed water column or was transported to the area by debris
flows. As already mentioned, these debrites are characterized by
large fragments of inoceramid shells, which were preserved be-
cause of the lack of bioturbation that would have fragmented
them.

LATERAL ARCHITECTURE AND
SMALL-SCALE CYCLES

The Austin Chalk lithofacies defined in this investigation
form the basis for describing several spatial and temporal trends
in the Austin Chalk across Louisiana. For example, a large-scale
regional oxic to anoxic trend is evident from northwest to south-
west and east, and vertical, short-term oxic to anoxic trends or
cycles can be found in each core. Each of these trends and cycles
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Figure 17. Lithofacies-stacking-pattern stratigraphic cross
section. Cross section E-F layout is the same as cross sec-
tion A-B shown in Figure 5. Lithofacies stacking patterns
plotted instead of core descriptions. Each stacking pattern
plot shows vertical distribution of lithofacies (see text for
details). Notice that lithofacies 1 is more common on the left
side of the cross-section and lithofacies 3 and 4 increase to
the right along the cross section. Lithofacies stacking pat-
tern plots for the Austin Chalk Group were developed by
Loucks et al. (2020).

are defined by variations in lithofacies and major and trace ele-
ments.

Lateral Austin Chalk Architecture in Louisiana

Figures 5 and 17 are stratigraphic cross-sections using the
same wells, datumed on top of the Austin Chalk. Figure 5, as
already noted, shows the relative stratigraphic positions of cores
and highlights the dysoxic to anoxic sedimentary wedge in the
eastern part of the cross-section. Figure 17 is a similar cross-
section, but instead of core descriptions, we used stacking-pattern
plots, which are plots of lithofacies versus depth by half-foot
picks. This type of stacking lithofacies display was developed by
Loucks et al. (2020b). Stacking-pattern plots show the vertical
distribution and dominance of each lithofacies through the cored
section of the well.

Within the 100 mi long (160 km long) cross-section, note
the overall northwest to southwest and east trend, in which litho-
facies 1 and 2 are common in the cored sections to the northwest
(No. 1 Donner and No. 1 Cabra) and lithofacies 3 and 4 are com-
mon in cores to the southwest and east (No. C1 Musser Davis,
No. 17-1 Quinn, and No. 1 Robert Todd). In the No. 1 Sonat B6
core, in the southwest, the lower cored section lacks lithofacies 1,
and the upper cored section has a mixture of lithofacies 1 and 4.
The No. 1 Singletary core, also in the southwest, is a large slide
block that is dominated by titled and slightly contorted beds of
lithofacies 2. The simplest explanation for this trend is an ex-
pected deepening in the water column from the Sabine Uplift
area in the northwest to the outer shelf in the southwest and
southeast (Fig. 3). However, throughout the area of the cross
section, all lithofacies are the result of deeper-water deposition,
as noted by the predominance of pelagic biotas, especially the
abundance of planktic foraminifers and the coccolith-hash matrix
of the chalk. This trend corresponds to the same type of general
facies trend described by Dravis (1979) and Cooper et al. (2020)
in San Marcos Arch area in Texas.

Small-Scale Cycles in the
Austin Chalk Group in Louisiana

Many Austin Chalk cores from the Texas-Mexico border
into Louisiana (Loucks et al., 2020b) show small-scale cycles
(inches to feet; decimeters to meters) between generally bur-
rowed lithofacies 2 and laminated lithofacies 3 and 4 (Fig. 18).
An exception to this cyclicity is seen in the upper half of the
No. 1 Sonat B6 core, where lithofacies 1 is interbedded with
lithofacies 4 (Fig. 4A). Figure 18C shows a core description of a
50 ft (15.2 m) section from the No. 1 Robert Todd well, along
with a selection of corresponding major elements (calcium, sili-
con, aluminum, and phosphorus) and trace elements (copper,
nickel, vanadium, and molybdenum) from XRF data. For major
elements, calcium is a proxy for calcite, aluminum is a proxy for
clay minerals, silicon is a general proxy for quartz plus feldspar,
and phosphorus is a proxy for phosphate and low oxygenation.
Among trace elements, copper and nickel are proxies for produc-
tivity, and vanadium and molybdenum are proxies for anoxia.
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Figure 18. Small-scale depositional cycles. (A) Core slab showing lithofacies 4 well-laminated subcycle below lithofacies 2
burrowed subcycle. Sharp contact between two subcycles. Marathon Oil No. 1 Robert Todd (12,983.0 ft [3957.2 m]). (B) Core
slab showing lithofacies 3 laminated subcycle above lithofacies 2 burrowed subcycle. Sharp contact between two subcycles.
Marathon Oil No. 1 Robert Todd (12,985.0 ft [3957.8 m]). (C, FACING PAGE) XRF plot of major and trace elements versus depth
in Robert Todd core. Elemental analyses clearly define cycles. Si + Al defines organic-matter-rich, laminated siliciclastic layers
(lithofacies 4) and Ca defines organic-matter-poor, burrowed carbonate-rich layers (lithofacies 2).

See Tribovillard et al. (2006) for an in-depth discussion of using
chemical proxies for paleoredox and paleoproductivity analysis.
Calcite-rich units in the plot (Fig. 18) are lithofacies 2 with abun-
dant horizontal burrows representing oxic to dysoxic deposition,
and aluminum- and silicon-rich units are lithofacies 3 and 4 with
laminae indicating anoxic deposition.

Lithofacies 2 is predominantly calcite (high calcium) with
reduced quartz, feldspar, and clay minerals (silicon and alumi-

num) (Fig. 18C). Phosphorus, vanadium, and molybdenum
spikes (Fig. 18C) are associated with lithofacies 4 and support
deposition under anoxic bottom conditions. Copper and nickel
showing elevated values (Fig. 18C) are also associated with litho-
facies 4, suggesting periods of high productivity commonly asso-
ciated with anoxic conditions in sea water. These small-scale
cycles, therefore, denote the alternation between oxic to dysoxic
or anoxic cycles.
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Figure 18, continued. (C) XRF plot of major and trace elements versus depth in Robert Todd core. Elemental analyses clearly
define cycles. Si + Al defines organic-matter-rich, laminated siliciclastic layers (lithofacies 4) and Ca defines organic-matter-

poor, burrowed carbonate-rich layers (lithofacies 2).

The base of the anoxic units is generally sharp (Fig. 18B),
indicating a rapid change in bottom-water and chemical-sediment
conditions. The sharp contact (i.e., not burrowed) can be attribut-
ed to anoxic conditions in lithofacies 3 and 4 inhibiting most
bioturbation, which could have affected the lower contact. The
upper contact of the anoxic units ranges from sharp to well bur-
rowed (Fig. 18A). The burrowed contact resulted from bioturba-
tion by organisms living in the oxic to dysoxic sediments above.
These burrowing organisms lived in the more oxygenated sedi-
ments and ventured down into the organic-rich sediments below;
however, because they could only tolerate the upper part of the
anoxic sediments, only the top of the anoxic sediment unit was
bioturbated.

The multiple thythmic stacking of these small-scale cycles
suggests a relatively short-term, repeatable change in environ-
mental (i.e., chemical) conditions, and these short-term cycles
may be Milankovitch cycles (i.e., orbital, forced cycles) that are
commonly observed in many of the Upper Cretaceous chalks
worldwide, including the Austin-equivalent Niobrara Chalk in
the Western Interior Seaway (Locklair and Sageman, 2008).
Eldrett et al. proposed these astronomic forcing Milankovitch
cycles for the Eagle Ford Group in South Texas. The orbital,
forced cycles documented by Locklair and Sageman (2008) are
thought to be related to eccentricity (100, 400, and 1000 kyr),
obliquity (41 kyr), and precession (21 kyr). The rhythmic cycles
in the Louisiana Austin Chalk Group most likely had the same
durations as did the cycles seen in the Niobrara Chalk. Further

work is necessary, however, to document an orbital control for
the rhythmic stacking patterns observed in the Austin Chalk.

PORE NETWORKS AND RESERVOIR QUALITY
Pore Types and Pore Networks

The character and connectedness of pore spaces and result-
ing reservoir quality are important geologic characteristics rela-
tive to developing exploration and exploitation concepts, espe-
cially for unconventional reservoirs. The Austin Chalk reservoirs
are tight carbonates with matrix permeabilities generally less than
0.001 md based on modified gas-expansion analyses. Because of
this low matrix reservoir quality, high rates of production are
dependent on fractures (Fig. 19A). Also, to characterize the ma-
trix reservoir quality, special attention needs to be focused on
pore types and pore networks (Fig. 19).

This investigation used the mudrock pore-type classification
developed by Loucks et al. (2012). The Austin Chalk mineralogy
and texture indicates that it is a siliciclastic-rich carbonate
mudrock; thus, this pore classification well defines the type of
nano- to micropores seen in the chalk (Figs. 19B—19J). Termi-
nology for organic-matter pores is after Reed et al. (2020).

The dominant pore type in the Austin Chalk is interparticle
nanopores ranging between tens to approximately 1000 nanome-
ters, with the interparticle nanopores occurring predominantly
between coccolith elements (Figs. 19B—19E). Many interparticle
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nanopores are segmented by clay platelets (Figs. 19C—19F) that
decrease permeability by reducing pore-throat sizes. These in-
terparticle nanopores are probably well connected by nanopore
throats.

There are several types of intraparticle pores, although they
are much less abundant than interparticle nanopores. Intraparti-
cle nanopores occur within clay platelets (Figs. 19E and 19F) and
as inherited nanopores in inoceramid fragments (Fig. 19G). Py-
rite framboids can also have intraparticle nanopores between
their crystal elements.

Organic-matter (OM) nanopores are present in solid bitumen
in higher, thermally mature (R, >0.7%) strata (e.g., No. 17-1
Quinn; Figs. 19H-19J). They range in size from 10 to 1000 na-
nometers. Spongy and bubble nanopores form during the matu-
ration of liquid bitumen to solid bitumen (Loucks et al., 2009;
Loucks et al., 2013; Ko et al., 2017; Reed et al., 2020). Modified
mineral pores form by liquid bitumen entering a pore space occu-
pied by water, but the liquid bitumen does not displace all the
water leaving a water-filled pore rimmed by bitumen (Ko et al.,
2017; Reed et al., 2020).

In less thermally mature (R, <0.7%) cores (No. 1 Donner,
No. 1 Cabra, and No. 1 Robert Todd), the pore network appears
to be predominantly interparticle nanopores, with some intra-
particle nanopores (e.g., Fig. 19C). In higher, thermally mature
(R, >0.7%) cores (No. 1 Singletary, No. C1 Musser Davis, and
No. 17-1 Quinn), the pore network is predominantly interparticle
nanopores, with some OM nanopores and fewer intraparticle
nanopores (e.g., Fig. 19H-19]).

Reservoir Quality

Even with several measurement techniques available, it is
not a simple process to summarize reservoir quality — porosity
and permeability. Studies now in progress by several of the pre-
sent authors on Austin Chalk reservoir quality, reveal that con-
ventional core-plug analysis cannot adequately measure porosity,
and especially permeability of these relatively tight Austin Chalk
strata. GRI-technique crushed rock analysis is better but also is
not accurate. Special core analysis protocols, such as those de-
veloped by Peng and Loucks (2016) and Peng et al. (2019), are
necessary to measure reservoir quality in Austin Chalk strata
accurately. Limited analyses of each method are presented.

One-hundred-thirty conventional core-plug analyses are
available from the No.1 Sonat B6, No. 1 Singletary, and No. 1C
Musser Davis cores (Figs. 20A and 20B). Lithofacies 1 has the
highest porosities (many between 7-9%) (Fig. 20A), with lithofa-
cies 2-4 showing a similar porosity range between 2 and 6%.
Permeability displays no relationship with porosity and is gener-
ally less than 0.2 md (Fig. 20A). The geometric mean permeabil-
ity of all lithofacies is low (0.015 — 0.029 md) (Fig. 20A). Also,
note that no individual permeability values present lower than
0.001 md (Fig. 20A). This is related to the inability of conven-
tional core-plug-analysis methods to measures lower values.
Ongoing studies by several of the present authors show that con-
ventional core-plug analyses are optimistic, especially permeabil-
ity values.

Figure 20C is a table showing mean values of GRI crushed-
rock porosity analyses for the No. 1 Cabra and No. 1 Singletary
cores. Permeability was not measured. Mean GRI crushed-rock
porosity in the two wells are similar to conventional core-plug
porosity in the No.l Sonat B6, No. 1 Singletary, and No. 1C
Musser Davis cores (5.9% versus 5.0%, respectively). The high-
est mean porosity is in lithofacies 4 (Fig. 20C), whereas, with the
conventional core-plug porosity analysis, lithofacies 1 has the
highest mean porosity.

The modified gas-expansion (MGE) method for porosity and
permeability in the No. 1 Cabra core for 13 analyses is shown in
Figure 20D and 20E. The MGE method provides the ability to
measure permeability in the low nanodarcy range (as low as 5.6

nd; Figs. 20D and 20E). Mean porosity is similar to conventional
core-plug, and GRI crushed rock porosities; however, geometric
mean permeability by the MGE method is much lower (0.00018
md) by two orders of magnitude than the conventional core-plug
method (0.012 md). This disparity in permeabilities related to
analytical methods is documented in other cores by several of the
present authors. Interestingly, the MGE method shows a strong
correlation between porosity and log permeability (R = 0.91)
(Fig. 20D).

All three methods indicate that matrix permeability in the
Austin Chalk strata is very low. Based on these analyses, porosi-
ties <10% and permeabilities <0.05 md (optimistic) should be
expected in the producing trend.

CONCLUSIONS

This Austin Chalk investigation in the producing trend in
Louisiana has defined “working” stratigraphic picks within the
section based on wireline logs and cores (Fig. 7). The TAC and
BAC horizons reflect changes in lithology and cycle develop-
ment with adjacent units.

The Austin Chalk is a siliciclastic-rich chalk, and mineralo-
gy is dominated by calcite, a product of biological production of
mainly coccolithophores and foraminifers. Siliciclastic compo-
nents are abundant (5-40% on average) in which the clay-
mineral/quartz plus feldspar ratio is ~9:1 (Fig. 6).

Biotic components are predominantly coccolithophore frag-
ments, planktic foraminifers, and calcispheres that lived in the
shallower-water column in an open-marine environment. Fol-
lowing death, planktic biotas settled out of suspension to the sea-
floor, mainly as ‘marine snow’ and peloids. Inoceramids were
the only common fauna that lived on the seafloor during lower
oxygen conditions. Much rarer benthic foraminifers, echino-
derms, oysters, and ostracods have been noted in the more oxy-
genated strata.

Five general lithofacies were defined for the Austin Chalk.
Lithofacies 1 is a highly bioturbated, organic-matter-poor marly
chalk and rarer pure chalk, the general depositional setting being
an open-marine, outer-shelf area below storm wave base.
This area was far enough seaward of any land mass that sand-
size siliciclastic sediment did not reach the area. Bottom waters
and sediments were oxic, although at times slightly stressed,
as indicated by the sparsity of benthic foraminifera. Lithofacies
2 is a highly bioturbated, organic-matter-poor to -rich marly
chalk to chalky marl. As with lithofacies 1, the general deposi-
tional setting was in an open-marine, outer-shelf setting below
storm wave base. The increased TOC present suggests that
bottom waters and sediments were oxic to dysoxic; higher si-
liciclastic percentages suggest limitations in the productivity of
the shallow water column as well. Lithofacies 3 is a slightly
burrowed, organic-matter-rich, laminated marly chalk to lesser
chalky marl. Bottom-water and sediment conditions illustrate a
distinct change to dysoxic to anoxic environments, given the
preponderance of laminated sediments, high TOC, and abundant
pyrite. The depositional setting continued to be in an open-
marine, outer-shelf environment below storm wave base. Litho-
facies 4 is an organic-matter-rich, well-laminated marly chalk.
The depositional setting is similar to lithofacies 3, but the total
lack of bioturbation suggests a strongly anoxic bottom-water
setting.

Austin Chalk strata contain numerous small-scale cycles
composed of organic-matter-poor, burrowed units alternating
with organic-matter-rich, laminated units. These small-scale
cycles are thought to be Milankovitch cycles, which are also
common in the time-equivalent Niobrara Chalk in the Western
Interior Seaway. In the southwest and east part of the study area,
the Austin Chalk shows a dysoxic to anoxic sedimentary wedge.
We think that the wedge is related to a deepening of the water
column and an increasing restriction as distance from the shal-
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Figure 19. Pore types. (A) Natural fracture lined with calcite cement. Union Pacific Resources B6 No. 1 Sonat Minerals
(14,378.0 ft [4373.3 m]). (B) Abundant interparticle nanopores between coccolith elements. Nanopores indicated by back
specks in matrix. Union Pacific Resources B6 No. 1 Sonat Minerals (14,331.8 ft [4373.3 m]). (C) Interparticle nanopores between
coccolith elements. Some clay-mineral platelets divide interparticle nanopores into smaller pores. Marathon Oil No. 1 Robert
Todd (12,974.0 ft [3954.5 m]). (D) Interparticle nanopores between coccolith elements. Some clay-mineral platelets divide in-
terparticle nanopores into smaller pores. Union Pacific Resources No. 17-1 Quinn (15,216.4 ft [4638.0 m). (E) Interparticle na-
nopores between coccolith elements, and intraparticle nanopores within clay-mineral platelets. Marathon Oil No. 1 Robert Todd
(12,919.4 ft [3937.8 m]). (F) Intraparticle nanopores between clay-mineral platelets. Union Pacific Resources No. 17-1 Quinn
(15,216.7 ft [4638.4 m). (G) Intraparticle nanopores within inoceramid fragment. Union Pacific Resources B6 No. 1 Sonat Miner-
als (14,400.1 ft [4389.2 m]). (H) Organic-matter spongy nanopores in solid bitumen that filled primary interparticle pore space
between coccolith elements. Union Pacific Resources No. 17—1 Quinn (15,242.8 ft [4646.0 m). (I) Organic-matter spongy na-
nopores within solid bitumen. Union Pacific Resources No. 17-1 Quinn (15,216.4 ft [4638.0 m). (J) Image contains a spectrum
of organic-matter nanopores within solid bitumen. Union Pacific Resources B6 No. 1 Sonat Minerals (14,330.7 ft [4368.0 m]).
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lower water Sabine Uplift area to the outer shelf increased (Fig.
3).

TOC content can be high (in the range of 2 to 7 wt%) and
the source rock richness of many samples in lithofacies 2 to 4
plots in the fair to excellent range relative to S1 + S2. Lithofa-
cies 1 is relatively low in TOC (mean 0.32 wt%), but some val-
ues are relatively high for carbonates deposited in oxic environ-
ments. Lithofacies 1 contains type III kerogen, whereas lithofa-
cies 2 has both Type II and Type III kerogen, while lithofacies 3
and 4 are predominately Type II kerogen. These organic matter
characteristics strongly suggest the Austin Chalk strata are in part
self-sourcing.

The pore network within the Austin Chalk is dominated by
interparticle nanopores that occur between coccolith elements.
Additional pores are in the form of intraparticle nanopores within
clay platelets and in inoceramid prisms. Organic-matter na-
nopores formed in solid bitumen in areas where the Austin Chalk
reached thermal maturity values exceeding 0.7% R,.

This investigation of the Austin Chalk provides concepts of
current research interest that help to understand the depositional
processes of siliciclastic-rich chalks. It also provides data on
geological characteristics that should be of value in exploration
and exploitation of siliciclastic-rich chalks.
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	Figure 4.  Core descriptions.  Continued on FACING PAGE.
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	Figure 7.  Cross section C–D showing type-wireline logs and associated wireline-log picks.  Four wireline logs in the cross section present correlation picks for Louisiana Austin Chalk stratigraphy.  Base of Austin Chalk Group pick occurs at sharp upward change from high gamma ray and resistivity to much lower gamma ray and resistivity.  Four suggested tops for the Austin Chalk (TAC) are presented.  TAC–1 (this investigation) is based on cores in No. 1 Donner and No. 1 Robert Todd wells.  ...
	Figure 8.  Data supporting core-based top for Austin Chalk Group in Louisiana.  (A) Correlation of No. 1 Donner core and wireline log.  Core description adjusted slightly to match wireline log (note core depth + 21 ft [6.4 m] = wireline-log depth; measured offset between core and wireline log most likely related to difficulties Stonegate Production encountered in logging bottom of well).  Lower half of core description not presented.  (B) Correlation of No. 1 Robert Todd core and wireline log. ...
	Figure 9.  Core slab and thin-section examples of general lithofacies types.  (A) Core slab of lithofacies 1:  highly bioturbated, organic-matter-poor marly chalk.  Note vertical burrow cutting earlier burrows.  Stonegate Production No. 1 Donner (7031.0 ft [2225.3 m]).  (B) Core slab of lithofacies 2:  highly bioturbated, organic-matter-poor to -rich, chalky marl.  Sample contains abundant horizontal burrows and solution seams.  Stonegate Production No. 1 Donner (7150.5 ft [2179.5 m]).  ...
	Figure 10.  Micropetrography of Austin Chalk samples.  All images are from energy-dispersive X–ray spectrometer analyses.   (A) Sample is calcite rich, composed mainly of coccolith elements and planktic foraminifers.  Planktic foraminifers filled with calcite cement.  Some clay- to silt-size quartz and albite present.  Union Pacific Resources No. 17–1 Quinn (15,216.4 ft [4637.0 m]).  (B) Majority of matrix is calcite coccolith elements.  Common quartz silt present; one pore contains ...
	Figure 11.  Microbial mats.  (A) Compacted organic-matter microbial mat containing clay platelets.  Above mat is rip-up clast of microbial mat indicating exposure at sea bottom.  Marathon No. 1 Robert Todd (12,290.2 ft [3746.1 m]).  (B) Microbial mat rip-up clast with clay platelets in coccolith-element matrix.  Marathon No. 1 Robert Todd (12,974.0 ft [3954.5 m]).


	Figure 12.  Austin Chalk biotas.  (A) Example of radiolarian filled with calcite cement and geopetal pyrite.  ARCO No. 1 Singletary (14,859.0 ft [4529.0 m]).  (B) Calcispheres filled with calcite cement.  ARCO No. C1 Musser Davis (15959.5 ft [4864.5 m]).  (C) Planktic foraminifers, ostracod valve fragment, and radiolarians.  Coffman No. 1 Cabra (8451.8 ft [2576.1 m).  (D) Larger planktic foraminifer with fragment of echinoderm spine.  Individual prisms of disaggregated inoceramids present.  ...
	Figure 13.  Source rock quality.  (A) Plot of S1 + S2 versus TOC.  Data indicate organic matter in many Austin Chalk samples analyzed are fair to excellent source rocks.  Two trends noted that are related to thermal maturity.  Blue dots are from lower Ro samples and red dots are from higher Ro samples.  (B) Plot of S1 + S2 versus TOC where data are separated by lithofacies.  (C) Percent mean values of total organic carbon (TOC) separated by lithofacies. 

	Figure 14.  Pseudo-van Krevelen plots of hydrogen index versus oxygen index.  (A) Pseudo-van Krevelen plot where data are separated by thermal maturity level.  (B) Pseudo-van Krevelen plot where data are separated by lithofacies.


	Figure 15.  Schematic depositional models for lithofacies 1 through 4.  (A) Depositional model for lithofacies 1.  (B) Depositional model for lithofacies 2.  (C) Depositional model for lithofacies 3.  (D) Depositional model for lithofacies 4.  See text for discussion of each depositional model.


	Figure 16.  Plots of pyrite and total organic carbon versus siliciclastic material for lithofacies 2.  (A) Plot of siliciclastic material versus pyrite.  Fair positive correlation between the two parameters.  (B) Plot of siliciclastic material minerals versus total organic carbon.  Weak positive correlation between the two parameters.


	Figure 17.  Lithofacies-stacking-pattern stratigraphic cross section.  Cross section E–F layout is the same as cross section A–B shown in Figure 5.  Lithofacies stacking patterns plotted instead of core descriptions.  Each stacking pattern plot shows vertical distribution of lithofacies (see text for details).  Notice that lithofacies 1 is more common on the left side of the cross-section and lithofacies 3 and 4 increase to the right along the cross section.  Lithofacies stacking pattern plots ...
	Figure 18.  Small-scale depositional cycles.  (A) Core slab showing lithofacies 4 well-laminated subcycle below lithofacies 2 burrowed subcycle.  Sharp contact between two subcycles.  Marathon Oil No. 1 Robert Todd (12,983.0 ft [3957.2 m]).  (B) Core slab showing lithofacies 3 laminated subcycle above lithofacies 2 burrowed subcycle.  Sharp contact between two subcycles.  Marathon Oil No. 1 Robert Todd (12,985.0 ft [3957.8 m]).  (C, FACING PAGE) XRF plot of major and trace elements versus depth ...
	Figure 18, continued.  (C) XRF plot of major and trace elements versus depth in Robert Todd core.  Elemental analyses clearly define cycles.  Si + Al defines organic-matter-rich, laminated siliciclastic layers (lithofacies 4) and Ca defines organic-matter-poor, burrowed carbonate-rich layers (lithofacies 2).


	Figure 19.  Pore types.  (A) Natural fracture lined with calcite cement.  Union Pacific Resources B6 No. 1 Sonat Minerals (14,378.0 ft [4373.3 m]).  (B) Abundant interparticle nanopores between coccolith elements.  Nanopores indicated by back specks in matrix.  Union Pacific Resources B6 No. 1 Sonat Minerals (14,331.8 ft [4373.3 m]).  (C) Interparticle nanopores between coccolith elements.  Some clay-mineral platelets divide interparticle nanopores into smaller pores. ...
	Figure 20.  Reservoir quality data.  (A) Porosity versus permeability plot of conventional core-plug data separated by lithofacies for the No.1 Sonat B6, No. 1 Singletary, and No. 1C Musser Davis cores.  (B) Table of conventional core-plug porosity and permeability separated by lithofacies for the No.1 Sonat B6, No. 1 Singletary, and No. 1C Musser Davis cores.  (C) Table of GRI crushed rock porosity data separated by lithofacies for the No. 1 Cabra and No. 1 Singletary cores. ...
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