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ABSTRACT

Bedding-parallel calcite layers (BPCLs) preserving a fibrous “beef”
texture are common throughout the overmature Haynesville For-
mation shale. Their interfaces with the host shale contain radiat-
ing splays of anhydrite pseudomorphs after gypsum rosettes,
suggesting either a primary evaporitic or an early burial origin. In
places, the calcite layers contain remnant barite or anhydrite in
crystallographic alignment with its host calcite, indicating that the
calcite formed by replacing a fibrous sulfate precursor phase.

During burial and heating, maturation of source rock organic
matter resulted in the expulsion of hydrocarbons (oil and gas).
Consequently, the redox state of the shale and hydrocarbon sys-
tem became reducing, as indicated by the ubiquitous presence of
HsS. Both anhydrite and barite are unstable in the presence of
H,S and were consumed by thermochemical sulfate reduction.
At peak burial, liquid hydrocarbons cracked to CHy4 gas and rem-
nant solid pyrobitumen, which typically occupies the median
suture zone of the fibrous calcite layers. It was along this median
suture that calcite replacement of anhydrite and barite was initi-
ated, proceeding to replace sulfate minerals from the center of
the layer out toward the shale contact.

We estimated the in situ CH,4 pressure attending thermo-
chemical sulfate reduction in the Haynesville shale by using
microlaser Raman spectroscopy to directly measure the density
of CHy gas inclusions in BPCLs. Average fluid pressure gradients
preserved within the fibrous calcite are approximately 0.87 +
0.03 psi/ft (xlo; n = 4), considerably above hydrostatic but
below both overburden and shale fracture gradients. We found
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no evidence to suggest that fluid pressures exceeded lithostatic
or that fibrous calcite grew in dilated vein systems from their
margins toward the center of the BPCLs.

The replacement of primary bedded anhydrite and barite by
calcite preserves the original orientation of the precursor sulfate
minerals—in other words, their fibrous beef texture is an inherited
feature. The replacement of sulfate by calcite results in a solid vol-
ume loss of approximately 20 to 30 vol. %. Collapse of the layers
due to loss of volume and overburden stress results in the minimum
horizontal stress being parallel to bedding. Pyrobitumen layers were
compressed and disaggregated due to tensile failure. Both late-stage
calcite and disaggregated pyrobitumen subsequently grew in the
direction of minimum horizontal stress (i.e., parallel to bedding).

INTRODUCTION

Bedding-parallel calcite layers (BPCLs), characterized by a unique
mineral texture reminiscent of beef filet and commonly referred
to as calcite “beef” or calcite “beef veins,” are a common feature in
ancient sedimentary basins containing organic-rich marine source
rock shales. Fibrous calcite is generally oriented orthogonal to
bedding in the host shales.

Vertical development of calcite fibers has been attributed by
many researchers as indicative of syntaxial growth, implying that
its primary growth was toward the center of the layer that was
open, presumably due to high in situ fluid pressures during vein
formation (e.g., Machel, 1985; Zanella et al., 2015; Abaab et al,,
2021). It has also been suggested that under certain conditions it
may be plausible for calcite growth to occur due to a balance
between fluid overpressures and force of crystallization maintain-
ing veins open during crystal growth (Wiltschko and Morse,
2001; Hilgers and Urai, 2005). Alternatively, others have con-
cluded that such fibrous growth of calcite indicates antitaxial
growth, outward from the center of the layer toward the wall
rock (e.g., van der Pluijm and Marshak, 2004; Rodrigues et al.,
2009; Cobbold et al., 2013). In both scenarios, a median suture
appears toward the center of the calcite layer.

The global distribution of BPCLs and their mineralogical, tex-
tural, structural, and geomechanical features were thoroughly
documented in a review paper by Cobbold et al. (2013). Of the
110 locations in which they documented calcite beef, Cobbold
et al. (2013) reported only 29 localities containing gypsum beef.
The most common host rocks for gypsum beef are mudstones or
evaporites, and the most common ages are either Middle Triassic or
Neogene. By contrast, they report few occurrences of gypsum beef
in lower Paleozoic or Jurassic—Cretaceous host rocks. In areas of
low thermal maturity, such as in many of the Jurassic (Kimmerid-
gian) exposures of immature organic-rich mudrocks in the United
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Kingdom, calcite beef containing fibrous minerals in BPCLs is often
described as consisting of fibrous calcite spar or satin spar (i.e., gyp-
sum). Calcite beef has also been variously described as consisting of
“layers of fibrous carbonate of lime and of fibrous sulfate of lime”
(Cobbold et al., 2013, and references therein). Relative to celestite
and gypsum, the occurrence of barite is rarely mentioned.

The focus of this contribution is BPCLs from the organic-rich
Upper Jurassic Haynesville Formation (Haynesville shale) and the
Bossier Formation (Bossier shale) in northwestern Louisiana in
the United States. This area is a prolific shale gas producer and is
an age-equivalent analog to the Kimmeridgian and Vaca Muerta
Formation shales in the United Kingdom and the Neuquén Basin,
Argentina, respectively. Much speculation still exists around the
origin of BPCLs and the assumed fluid pressure regime under
which they formed, with most hypotheses invoking a structural
and/or tectonic component in their formation; hence, they are
referred to as BPC veins. We recognize two distinct types
of BPCLs in the Haynesville shale. The dominant type contains
calcite layers with fibrous beef texture (i.e., BPCLs), often with
evidence of replacement by calcite of a precursor sulfate mineral—
either barite or anhydrite. The other type of BPCL shows evidence
of a late-stage diagenetic overprint due to hydrothermal alteration
by a high-temperature, high-salinity evaporite-derived brine.

Here, we present carbon, oxygen, and sulfur isotopic data for
calcite- and sulfur-bearing phases from beef-textured BPCLs. We
integrate fluid inclusion (FI) data with directly measured densities
of CHy in gas-bearing inclusions using microlaser Raman spec-
troscopy to infer the pressure and temperature conditions of for-
mation of the calcite beef layers. Together with an equation of
state model, the pressure-volume-temperature properties of
CH,, CO,, and water mixtures were used to infer the fluid pres-
sure gradients present at the time of calcite beef formation. Com-
bining oxygen isotope data from gypsum in the Neuquén Basin
with FI thermometry on calcite in BPCLs, together with an equi-
librium oxygen isotope model for water in equilibrium with gyp-
sum, we show that the likely source of water from which calcite
in BPCLs formed was derived from the dehydration of the origi-
nal gypsum layers.

Results from our study suggest that BPCLs are secondary diage-
netic features that formed due to the replacement by calcite of the
primary sedimentary sulfate minerals gypsum and barite. The pri-
mary sulfate minerals were most likely evaporitic and appear to
have been deposited coevally with their organic-rich host mudrocks.

HAYNESVILLE SHALE

The Haynesville shale is an organic- and carbonate-rich clastic
mudstone unit interpreted to have been deposited in a partly

This paper benefited from reviews by former
Shell colleagues Timothy N. Diggs and Ruarri
J. Day-Stirrat and numerous AAPG Bulletin
reviewers. We gratefully acknowledge the
guidance provided by Kitty Milliken, Ursula
Hammes, and AAPG Bulletin associate editor
Julia F. W. Gale.

DATASHARE 179

Supplementary data and methods are
available in an electronic version on the
AAPG website (www.aapg.org/datashare) as
Datashare 179.
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euxinic and anoxic basin during the Kimmeridgian to
early Tithonian, coeval with a global marine trans-
gression that deposited organic-rich black shales in
many parts of the world (Hammes et al., 2011).
Figure 1 shows the location of Haynesville shale wells
discussed in this paper. Details on the sedimentology
and stratigraphy of the Haynesville-Bossier shales
have been discussed previously by Hammes et al.
(2011) and Hammes and Frébourg (2012). The
Haynesville shale contains almost equal volumes of
quartz and clay minerals with variable carbonate con-
tent (Figure 2; Bryndzia and Braunsdorf, 2014). It
is an overmature, marine type II source rock with
equivalent vitronite reflectance (VR,) values of
approximately 2% to 3%. It is a world-class gas shale
resource, producing predominantly dry CH4; and
CO, (94:6 molar; Bryndzia et al., 2017).

Organic matter in the Haynesville shale matrix is
dominated by bitumen and pyrobitumen. Two gen-
erations of bituminous material are observed. One
type, prevalent throughout the shale matrix, is aniso-
tropic and displays specular bird’s-eye extinction and
has a moderate VR, of approximately 1.4% to 1.7%.
The other is a pyrobitumen phase that is isotropic in
reflected light, with a VR, of 2.3% to 3% and occurs
as a pore-lining phase and as spheres in the shale
matrix. It dominates the median sutures of BPCLs
and is interpreted to be a late phase formed during
oil-to-gas cracking of liquid oil at peak burial (Novosel
et al., 2010). The present-day conditions in the
Haynesville shale are approximately 160°C and
approximately 70 MPa (Bryndzia et al., 2017). Gas
production in the Haynesville shale also has associ-
ated low background levels of H,S, generally less
than 100 ppm (Bryndzia et al., 2017; Bryndzia and
Macaulay, 2018).

Shale Mineralogy and Total Organic
Carbon

The Haynesville and overlying prodelta Bossier shales
have very different bulk mineralogical compositions.
The Bossier shale is more uniform in composition
and contains much less carbonate material than does
the Haynesville shale (Figure 2). The Haynesville and
basal Bossier source rocks contain approximately 1.5-
5.0 wt. % total organic carbon (TOC). The upper
Bossier and lower Bossier are generally much leaner
(<1.5 wt. % TOCQC). It is difficult to determine with

confidence what kind of kerogen Haynesville shale
originally contained due to its high level of thermal
maturity. Novosel et al. (2010) estimated the restored
average richness of the Haynesville source-rock inter-
val ranged from approximately 3 to 7 wt. % TOC
across the study area shown in Figure 1.

Mineralogy and Textures of BPCLs in the
Haynesville Shale

The BPCLs in the Haynesville shale bear a strong
resemblance to those described previously for the
Vaca Muerta Formation by Rodrigues et al. (2009),
Cobbold et al. (2013), Gale et al. (2014), Eberli et al.
(2017), Lejay et al. (2017), Malachowska et al.
(2017), Ukar et al. (2017), and Weger et al. (2019).
The BPCLs in Figures 3 to 6 are from different wells
in the Haynesville-Bossier shale and illustrate many
common features that are typical of BPCLs. Some
are massive and contain only calcite, whereas others
have an obvious median suture containing variable
amounts of solid pyrobitumen and pyrite + barite +
anhydrite.

Almost every BPCL that we have examined in
the Haynesville shale shows evidence that the pri-
mary minerals in these layers were syngenetic layers
of barite and/or gypsum (Figures 4-7). The replace-
ment by calcite is postulated to have happened later
in the burial history of the shale. Evidence for this
timing is that the replacement of original sulfate
minerals appears to be closely associated with the
expulsion and migration of liquid oil from the
organic-rich source rock.

Original gypsum rosettes, now pseudomorphed
by anhydrite (Figure 4C), and barite precipitation
are unlikely to have formed in a dilating vein system
during burial. Gypsum rosettes typically are indica-
tors of arid and evaporitic near-surface conditions,
as is coevally precipitated barite (Cody and Cody,
1988). We propose that the fibrous BPCLs are diage-
netic replacement features of original syngenetic,
sulfate-rich evaporitic horizons that formed during or
shortly after deposition of the organic-rich shales.
Eustice and Land (1994) demonstrated that in south-
western Alabama, the basal Buckner Member of
the Haynesville Formation comprises a thick unit
of anhydrite after gypsum. Mancini et al. (1990)
describe numerous occurrences of anhydritic shales
and thin anhydrite beds within the Haynesville shale
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Quartz + Feldspar

A Bossier
+ Haynesville

Clay + Mica Carbonate

Figure 2. Ternary plot showing the range of mineralogical com-
positions, as determined by x-ray diffraction, in shale source rocks
from the Upper Jurassic Haynesville Formation and Bossier For-
mation shales (modified after Bryndzia and Braunsdorf, 2014).

of the Mississippi Interior Salt Basin of Alabama, and
the wider region contains three significant anhydrite
units—the Werner anhydrite, the Pine Hill Anhy-
drite Member in the upper Louann Salt, and the
Buckner Formation anhydrite—which together indi-
cate regional extensive evaporative shallow water
conditions through the Middle and Late Jurassic.

Hydrothermal Alteration of BPCLs in the
Haynesville Shale

Figure 8 shows a disaggregated pyrobitumen layer
along the median of a BPCL and shows the almost
symmetrical distribution of an alteration selvage that
formed between the host shale and median zone of
the calcite layer. The alteration selvage consists of an
assemblage of euhedral crystals of pure albite, quartz,
and sphalerite (ZnS). The albite crystals are com-
monly associated with chlorite (Figure 8).

Figure 9 shows a BPCL from well 4. The image
shows concave deformation of the layer boundaries
into the BPCL, with subsequent brittle deformation
of the median pyrobitumen layer. The remnants of
the original calcite beef are preserved as rectangular
islands containing central cores of disaggregated pyro-
bitumen, isolated within later white calcite that lacks
pyrobitumen. Late-stage calcite vertical pillar growth
has generated what appears to be a dominant calcite

fabric with crystal growth oriented parallel to bed-
ding (i.e., orthogonal to the original orientation of
calcite beef).

DATA AND METHODS

Details of analytical methods, data analysis, and
results are provided in the supplementary data and
methods (supplementary material available as AAPG
Datashare 179 at www.aapg.org/datashare).

Carbon and oxygen isotopes were measured on
15 samples of calcite—9 from BPCLs, and 6 from
vertical calcite veins. The samples were analyzed by
Isolabs, a commercial stable isotope vendor. Oxygen
isotopic compositions of water recovered from crys-
talline gypsum in the Neuquén Basin were taken
from published data by Lo Forte et al. (2005).

Sulfur isotopes were measured on samples of
H>S gas collected at various separators in the field,
precipitated as acanthite (AgS). Bulk sulfur isotopes
were also measured on pyrite and solid hydrocarbons
(SHC) sampled from various Haynesville cores and
on Werner anhydrite sampled in cores from the Shell
Crocker 1 well. Sulfur isotopic data were measured
at the Lyons Biogeochemistry Laboratory (University
of California, Riverside) and by Isolabs. In addition,
three samples of Werner anhydrite were analyzed by
Coastal Science Laboratories in Austin, Texas. Seven
samples of Haynesville core were crushed and soluble
sulfate extracted using deionized (DI) water at Terra-
Tek Laboratories (now SLB) in Salt Lake City, Utah.
The sulfate was precipitated as BaSO4 by mixing
with a BaCl, solution. The precipitated barite was
analyzed at the Lyons Biogeochemistry Laboratory.

Sulfur isotopic compositions from sulfur-bearing
minerals at the thin section scale were analyzed at
Woods Hole Oceanographic Institution (WHOI)
using secondary ion mass spectrometry (SIMS). We
established some of our own SIMS sulfur mineral
standards based on multiple analyses of high-grade
mineral separates that were previously analyzed at
the Lyons Biogeochemistry Laboratory, as well as
using standards supplied by WHOI (Appendix A.1.2
[supplementary material available as AAPG Data-
share 179 at www.aapg.org/datashare]).

The FI homogenization temperatures were mea-
sured by Fluid Inclusion Technologies (now SLB) on
doubly polished thin section wafers sampled from
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Figure 3. (A) Bedding-parallel calcite layers (BPCLs) showing fibrous calcite texture oriented perpendicular to bedding. (B) The BPCLs
with a well-defined central suture containing finely dispersed pyrobitumen. (C) Primary bedded barite layer replaced by calcite (dark
matrix) with coarse, recrystallized pyrite grains containing cores of relict barite. The arrow at calcite layer shows the boundary between the
calcite layer and host shale. (D) Calcite replacing primary bedded barite layer with a disaggregated median layer of pyrobitumen. Note
the undulatory replacement boundary within the layer showing replacement of primary barite from the center outward toward the bound-
ary with the host shale. (E) Scanning electron microscopy image showing calcite replacement of barite layer in (D). Thin-section images (A),

(B), and (D) are all 3 in. (7.6 cm) in length. AccV. = accelerating voltage; BSE = backscattered electron; Det =

Magn = magnification.

BPCLs in 10 Haynesville and Bossier cores. The same
FI wafers were then used for microlaser Raman spec-
troscopy to measure the density of CHy gas
inclusions.

RESULTS

Carbon, Oxygen, and Sulfur Isotopes

The 8'3C values ranged from +2%o to +5%o (Vienna
Peedee belemnite [VPDB]) in BPCLs, and +4%o to
+6.5%0 (VPDB) in the later vertical calcite vein
set. The 8’80 values ranged from —11%o to —9%o
(VPDB), with similar isotopic compositions obtained
for both sets of samples (Figure 10; Table Al.l

detector; Exp = exposure;

[supplementary material available as AAPG Data-
share 179 at www.aapg.org/datashare]).

Bulk sulfur isotopic compositions of pyrite,
SHC, and anhydrite from BPCLs are summarized in
Table Al.2 (supplementary material available as
AAPG Datashare 179 at www.aapg.org/datashare).
Samples of the Werner anhydrite are from the Shell
Crocker 1 well, located approximately 90 km south-
southwest of the Haynesville gas shale in northeast-
ern Texas (Figure 1). This is the closest penetration
of the Werner anhydrite to our study area, and the
core is accessible through the core repository located
at the Bureau of Economic Geology (BEG) at The
University of Texas at Austin. Table A1.3 (supple-
mentary material available as AAPG Datashare 179 at
www.aapg.org/datashare) contains the sulfur isotopic
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Figure 4. Scanning electron microscopy images showing the interface of a bedding-parallel calcite layer and host shale in well 5. (A-C)
Remnant barite and numerous rosettes of anhydrite pseudomorphs after primary gypsum at various stages of replacement by calcite. The
dark gray matrix in (B) and (C) is calcite, as noted in (A). Note the different scales in (A)-(C). AccV = accelerating voltage; BSE = back-
scattered electron; Det = detector; Magn = maghnification; WD = working distance.

composition of H,S sampled in gas wells throughout
the Haynesville shale as well as matrix sulfate leached
out of crushed samples of Haynesville shale.

Matrix pyrite in the Haynesville shale is domi-
nantly framboidal pyrite, and it has a sulfur isotopic
composition that clusters in a relatively tight range,
from approximately —9%o to —20%o (Figure 11A, B).
Figure 11C, D plots the results of SIMS %S in sul-
fate minerals from the various Haynesville shale wells.
Figure 11E is a plot of §*S in H,S sampled in the
Haynesville shale, and falls into two distinct groups.

One group has negative sulfur isotopic composi-
tions, with 8°*S ranging from —13.7%o to —20.7%o,
whereas the other group has positive §°*S values
ranging from +12.4%o to +18.7%o. The first group
has a sulfur isotopic composition that closely matches
that of the coexisting framboidal matrix pyrite
(—20%o0 to —9%o), whereas the other group overlaps

the range of sulfur isotopic values that are characteris-
tic of the underlying Jurassic Werner anhydrite
(+15.3%o0 to +20.2%o), shown in Figure 11C, D. The
8*S in H,S from the overlying Bossier shale is indistin-
guishable from that in the matrix framboidal pyrite
(Figure 11E). Figure 11D shows the 8%*S of sulfate
that was leached from the shale matrix using DI water
and precipitated as BaSO,4.The leachate sulfur isotopic
compositions fall intermediate to end member compo-
sitions defined by matrix framboidal pyrite and the
underlying Werner anhydrite (Figure 11D).

The only source of the isotopically light and nega-
tive sulfur in our data set is the sulfur associated with
shale matrix SHC and framboidal pyrite. To determine
if marine sulfate-bearing layers were contributing to
the isotopically light H,S, we undertook a detailed ion
microprobe study of sulfur isotopes in sulfate and
pyrite from the BPCLs sampled in 10 wells that
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Figure 5. Images of fibrous calcite from fluid inclusion wafers of bedding-parallel calcite layers (BPCLs) in Haynesville Formation shale.
The polarized light image in (A) shows relict barite after replacement by fibrous calcite—well 5. (B) Similar texture to (A), but fibrous calcite
has replaced preexisting anhydrite—well 3. (C) Transmitted light image of relict barite (white rectangle) replaced by fibrous calcite in
BPCLs—well 3. (D) Backscattered electron (BSE) image of same area as in (C), showing relict barite replaced by fibrous calcite in BPCLs.
Note that the fibrous calcite texture is difficult to discern in BSE images. (E) Transmitted light image of relict barite replaced by fibrous cal-
cite in BPCLs from well 4. Arrows show relict barite grains aligned parallel to fibrous calcite. (F) A BSE image of red square in (E), showing
relict barite aligned parallel to calcite fibers. The 6°*S of barite in well 4 ranged from 17.6%o to 25%o (see Table A1.5 [supplementary
material available as AAPG Datashare 179 at www.aapg.org/datashare]). Mineral compositions were confirmed by scanning electron
microscopy and energy-dispersive analysis by x-ray. Birefringence colors are high due to the thickness of the fluid inclusion wafers used
for secondary ion mass spectrometry analysis. det = detector; HFW = horizontal field width; HSVL = Haynesville; HV = high voltage;
mag = magnification; vCD = low-voltage high-contrast detector; WD = working distance.
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+22.4%0

Baritel,
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Figure 6. (A, B) Examples of remnant barite (confirmed by
scanning electron microscopy/energy-dispersive analysis by x-
ray) replaced by fibrous calcite (square). Images in (A) and (B)
were used for the guidance of ion microprobe analyses. (C) A
cross-polarized transmitted light image of the same area. Birefrin-
gence colors are high due to the thickness of the fluid inclusion
wafers used for secondary ion mass spectrometry analysis. Pyrite
sulfur isotopic compositions in (A) are —21.1%o and —17.8%o
(Vienna Canon Diablo Troilite standard). Barite sulfur isotopic
composition in the same bedding-parallel calcite layer in (B) are
+22.4%o0 and +21.9%so. Note the fibrous calcite beef texture in
(C). The samples are from well 9.

penetrated the Haynesville and Bossier shales. These
data are summarized in Table Al.5 (supplementary
material available as AAPG Datashare 179 at www.
aapg.org/datashare) and are shown in Figure 11A-E.

Fl Thermometry

The FI homogenization temperatures were measured
on selected samples of BPCLs to constrain tempera-
tures of hydrocarbon generation and to elucidate the
timing of hydrothermal alteration of the Haynesville
and Bossier shales. Figure 12 shows that both aque-
ous and hydrocarbon inclusions are abundant in
BPCLs in the Haynesville shale. It is obvious from
Figure 12 that liquid petroleum was present at the
time of calcite formation and that this temperature
range also transitioned into the timing of early gas
generation. In some examples of calcite from BPCLs,
the inclusion population is dominated almost exclu-
sively by CHy gas, as shown in Figure 13.

Homogenization temperatures for inclusions
from wells 1, 2, and 5 used for microlaser Raman
spectroscopy are shown in Table A2.1 (supplemen-
tary material available as AAPG Datashare 179
at www.aapg.org/datashare). Average primary inclu-
sion temperatures ranged from approximately 145°C
to 162°C (Figure A1). We also measured homogeni-
zation temperatures in a late-stage subvertical barite-
cemented chlorite + sphalerite vein from well 2
(Table A2.2 [supplementary material available as
AAPG Datashare 179 at www.aapg.org/datashare]).
The assemblage of inclusions was the same as seen in
Figure 12. The average salinity of the aqueous inclu-
sions based on freezing point depression was approxi-
mately 21 wt. % NaCl equivalent. Eutectic melting
properties also indicate that the aqueous phase is a
CaCly- and MgCly-rich brine (Tables A2.1, A2.2
[supplementary material available as AAPG Data-
share 179 at www.aapg.org/datashare]).

Estimate of In Situ CH, Density and Pressure
Using Microlaser Raman Spectroscopy

Microlaser Raman spectroscopy was used to measure
the in situ density of representative gas-bearing
inclusions in thermochemical sulfate reduction

(TSR) calcite from BPCLs sampled throughout the
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Figure 7. (A) Bedding-parallel calcite layer showing calcite replacement of original bedded barite. (B) Coarse-grained recrystallized
euhedral pyrite grains with remnant barite cores. The samples are from well 1. AccV = accelerating voltage; BSE = backscattered elec-
tron; Det/det = detector; ETD = Everhart Thornley detector; Exp = exposure; HFW = horizontal field width; HV = high voltage;
mag/magn = magnification; WD = working distance.

Haynesville shale. The samples analyzed were FI molecular moieties in gas, fluid, or solids. The positions
wafers of calcite beef as shown in Figures 5, 6, and 13. of characteristic peaks in Raman spectra for different
Raman spectroscopy is a nondestructive technique vibrational modes are referred to as peak shifts.

that uses a low-energy laser beam to probe a variety In the case of CHy, it is accepted practice to use
of excitations (vibrational modes, in particular) in the strongest line in the Raman spectrum, which is

* Pyrobitumen

Shale

Det wp F——mm

BSE 108

—

Figure 8. Hydrothermal alteration of barite beef layer from the Bossier Formation shale in well 3. (A) Thin section of a partially disaggre-
gated bedding-parallel pyrobitumen layer adjacent to a bedding-parallel calcite layer (BPCL) with fibrous beef texture. (B) Pyrobitumen layer
and late hydrothermal veins containing calcite, quartz, and sphalerite. (C) Hydrothermal veins containing calcite, quartz, chlorite, and albite.
(D) Magnification of inset red box in (C), which shows calcite replacement of original bedded barite with a chlorite alteration rim containing
euhedral crystals of albite and quartz. Standard thin section in (A) shows context for the bedding-parallel nature of the disaggregated pyrobi-
tumen layer relative to bedding in host shale. The thin section in (A) is 1 in. wide. AccV = accelerating voltage; BSE = backscattered electron;
Det = detector; Magn = magnification; WD = working distance.
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Figure 9. Thin section image of bedding-parallel calcite layer from Haynesville Formation shale well 4. Note the orientation of clean
white calcite (arrows) with crystal growth preferentially oriented orthogonally to the original calcite beef fabric. Solid black fragments are
pieces of disaggregated pyrobitumen that have been pulled apart due to volume loss associated with replacement of sulfate minerals by
calcite, overburden collapse into the original sulfate layer, and growth in the direction of minimum horizontal stress (i.e., parallel to bed-
ding). Calcite splays (brackets) are points of fluid injection from the veins into the shale matrix. Normal 3-in.-wide thin section (7.6 cm).

The average bracket length is approximately 0.6 cm.

due to the symmetric CH,4 bond stretching vibration,
as referenced in Lu et al. (2007). We have adopted
this methodology, along with our own laboratory cal-
ibration, for the zero-pressure intercept for the C-Hy,
symmetric stretching band in CH, (Table A3.1, sup-
plementary material available as AAPG Datashare
179 at www.aapg.org/datashare). Using pressures
and sample depths from Table A3.2 (supplementary
material available as AAPG Datashare 179 at www.
aapg.org/datashare), the average estimated fluid
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Figure 10. Oxygen and carbon oxygen isotopic composition of
calcite from bedding-parallel calcite layers and vertical calcite
veins from well 5 (Table A1.1, supplementary material available
as AAPG Datashare 179 at www.aapg.org/datashare). HC =
hydrocarbon; mig = migration; Sm = Smackover Formation
(Heydari and Moore, 1989); VM = Vaca Muerta Formation;
VPDB = Vienna Peedee belemnite (Weger et al., 2019).

pressure gradient for our Haynesville wells is approxi-

mately 0.87 £ 0.03 psi/ft (n=4; £10).

INTERPRETATION AND DISCUSSION

Diagenetic Origin for Beef Textures in BPCLs

Our interpretation of the beef texture in BPCLs is
that it represents a primary feature inherited from
sedimentary sulfate beds of gypsum and/or barite
that were deposited either coevally with or early in
the history of the enclosing organic-rich shale. By inte-
grating FI thermometry with oxygen and carbon isoto-
pic data from BPCLs from the Neuquén Basin, we
demonstrate that the primary gypsum that was subse-
quently replaced by anhydrite during burial and com-
paction of the sediments was also the likely source of
water for this diagenetic alteration and replacement
process. The transformation of gypsum to anhydrite
retains the original primary gypsum texture (Abaab
etal., 2021), which has also been described as gypsum
beef by Cobbold et al. (2013) or as a stockade-like
structure by Roncal-Herrero et al. (2017).

Isotopic Data

The 8'3C values for calcite beef layers from the Vaca
Muerta Formation reported by Weger et al. (2019)

lie in a very tight range of approximately —1%o to
+1%o (VPDB). They are depleted relative to the §'3C
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Figure 11. (A) Sulfur isotopic composition of bulk pyrite samples; (B) secondary ion mass spectrometry (SIMS) sulfur isotopic composi-
tion of pyrite; (C) SIMS sulfur isotopic composition of barite (bar); (D) sulfate leached from shale matrix samples in wells 2, 3, and 8, and
SIMS sulfur isotopic composition of anhydrite (anh); (E) H,S sampled from various gas wells in the Bossier Formation and Haynesville For-
mation shales. The solid black bar in (C)-(E) represents the range of 5*“S values for pyrite in (A) and (B). Solid green circles in (C)-(E) are
from the underlying Werner anhydrite in the Shell Crocker 1 well. Data are found in Tables A1.2, A1.3, and A1.5, respectively (supplemen-
tary material available as AAPG Datashare 179 at www.aapg.org/datashare). SL = sulfate leach; VCDT = Vienna Canon Diablo Troilite
standard.
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Figure 12. Fluid inclusions in bedding-parallel calcite layers from well 5, showing the presence of aqueous, gas (A, B), and liquid hydro-
carbon inclusions (C, D) in calcite. lllumination source as indicated in lower left of each image.

values of calcite beef layers in the Haynesville shale,
which range from approximately +2%o to +5%o in
BPCLs, and approximately +4%o to +6.5%o in vertical
calcite veins. Weger et al. (2019) reported 8’40
of —12%0 to —9%o (VPDB) for calcite in Vaca
Muerta beef layers. These values are almost identical
to those of the calcite layers in the Haynesville shale,
which range from approximately —11%o to —9%o

Plar[Eiht

Figure 13. Suite of primary methane gas inclusions trapped
along a growth surface in calcite from bedding-parallel calcite
layer in Haynesville Formation well 5.

(Figure 10). Weger et al. (2019) attributed the very
narrow range of 8'3C values for calcite layers from
the Vaca Muerta Formation to buffering by calcite in
surrounding mudrocks.

The 8'3C values in Haynesville BPCLs range
from +3.5%0 to +6%o0 and are almost identical to
those in early calcite cements predating hydrocarbon
migration in the underlying Smackover Formation, as
reported by Heydari and Moore (1989). The similar-
ity of the carbon isotopic compositions of the early
calcite cements to those of the Smackover allochems
indicated to Heydari and Moore (1989) that the car-
bon of the calcite was derived and buffered by the
host carbonate rock.

Haynesville BPCLs have a more depleted 8’50
signature than the Smackover early calcite cements,
ranging from —9%o to —11%o (PDB; Table Al.1
[supplementary material available as AAPG Data-
share 179 at www.aapg.org/datashare]). Dissolved
and remobilized early calcite cements from either the
underlying Smackover Formation or the Haynesville
shale itself may explain some of the depleted oxygen
isotope data we observe in Haynesville calcite beef
layers. Heydari and Moore (1989) observed a similar
depletion in 8’80 of early calcite in the Smackover
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and suggested that the depletion was due to precipi-
tation at progressively higher temperatures during
burial. Alternatively, the depleted 8’%0 signature
could indicate precipitation from high-temperature
hydrothermal fluids that entered the Haynesville
shale at a much later stage, possibly contemporane-
ously with the timing of the original oil generation
and expulsion from the source rock shale.

The Haynesville gas shale has revealed itself to
be a very complex system in which H,S appears to
have been generated from multiple sources of sulfur
(Figure 11E; Table Al.2 [supplementary material
available as AAPG Datashare 179 at www.aapg.org/
datashare]). A proxy for contemporaneous Jurassic
seawater sulfate in the study area is provided by
the underlying Werner anhydrite (Kampschulte and
Strauss, 2004). Both massive and sucrose-textured
anhydrite layers are found in the Werner anhydrite.
Massive coarsely crystalline Werner anhydrite has a
8%S of +19.2%0 + 1.1%0 (n = 3; +10), whereas the
fine-grained sucrose-textured samples have a 6°?S of
+16.0%0 * 0.62%0 (n = 4; £10). Both are consistent
with the values of +18%o + 3%o for Jurassic seawater
from Kampschulte and Strauss (2004) and +17.8%o
+ 0.5%0 (n = 10; £10) for Jurassic evaporite sulfur
from the Aconcagua-Neuquén Basin of Argentina
(Lo Forte et al., 2005). The H,S sulfur with light
84S = —9%o to —20%o is most likely derived from
original marine kerogen. This isotopically light sulfur
is associated with framboidal matrix pyrite having
84S = —11.5%0 + 2.6%o0 (n = 22; +10). This would
be the average sulfur isotopic composition of ubiqui-
tous background levels of H,S in the Haynesville and
Bossier shales. The light and negative H>S in the
Haynesville and Bossier shales is consistent with it
being a product of bacterial sulfate reduction (BSR)
of contemporaneous marine sulfate, with A8>?S, .
of approximately +31%o (Machel et al., 1995).

The heavy H,S sulfur of 8**S of +16%o to +18%o
(Figure 11C-E; Table A1.3 [supplementary material
available as AAPG Datashare 179 at www.aapg.org/
datashare]) is interpreted to be a product of TSR of
the original anhydrite and barite layers, with some
contribution of aqueous sulfate derived from the dis-
solution of the underlying Werner anhydrite. The
8%*S of original bedding-parallel barite and anhydrite
layers is +19.6%o £ 3.6%o (n = 27; +10). This is indis-
tinguishable from the underlying coarsely crystalline
Werner anhydrite (+19.2%o £ 1.1%o). It is therefore

not statistically possible to distinguish H,S produced
by TSR of the original bedded sulfate layers that
were the likely precursors for most of the BPCLs
from TSR of aqueous sulfate derived from dissolution
of the underlying Werner anhydrite since both are
derived from contemporaneous Jurassic seawater.

Somewhat enigmatic is the apparent sulfur isoto-
pic disequilibrium that exists between original barite
and the recrystallized euhedral pyrite that contains
remnant barite cores, as shown in Figure 7B. This
texture is often considered to be indicative of TSR
(Machel et al., 1995), and we would expect the sul-
fur isotopic composition of the recrystallized pyrite
to be the same as that of the barite that it is replacing,
but this is not what is observed in Figure 7B. Sulfur
isotopic disequilibrium is common between phases
containing oxidized and reduced sulfur species and
is attributed to slow-reaction kinetics, particularly
in hydrothermal systems at temperatures less than
approximately 200°C (Ohmoto, 1972).

Sulfate leached from the shale matrix appears to
be a mixture of light sulfur from original marine kero-
gen and framboidal pyrite and a heavy sulfate, typical
of the underlying Werner anhydrite. These data suggest
that originally there may have been a primary sulfate
mineral present in the matrix of the Haynesville shale.
Mixing H,S derived from TSR of the original sulfate,
and H,S derived from the matrix kerogen and framboi-
dal pyrite, produced H,S with a value of 1.2%o, as
shown in Figure 11E. During hydrocarbon generation
and expulsion, redox conditions within the organic-rich
shale matrix would be highly reducing. Under such
conditions, sulfate minerals such as barite and anhydrite
are inherently unstable (Worden et al., 1996).

In our study area, we did not observe any rem-
nant sulfate minerals in the matrix of the Haynesville
shale. However, researchers at BEG confirmed
the presence of abundant primary anhydrite in the
matrix of the Haynesville shale in the NFR Energy
Huffman 1 gas well in Harrison County, Texas, ap-
proximately 60 km to the north-northwest of our
study area (J.-P. Nicot, 2012, personal communica-
tion; Table A1.5 [supplementary material available as
AAPG Datashare 179 at www.aapg.org/datashare]).
The sulfur isotopic composition of matrix pyrite in
the NFR Energy Huffman 1 well (Figure 11D) is
indistinguishable from the sulfur isotopic composi-
tion of matrix pyrite shown in Figure 11A and B,
respectively.
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A puzzling feature of BPCLs that has been docu-
mented in organic-rich source rock shales is the nota-
ble paucity of barite, relative to celestite, gypsum,
and anhydrite (Jewell, 2000; Cobbold et al., 2013).
Elmore et al. (2015) documented the common pres-
ence of barite often associated with celestite (SrSOy)
in many unconventional shale reservoirs in North
America, including the Haynesville shale. In our
study, we have not observed celestite associated with
BPCLs. We attribute the paucity of barite in organic-
rich black shales to its relative instability in the pres-
ence of H,S and hydrocarbons, especially liquid oil,
at elevated temperatures and pressure (Machel et al.,
1995; Worden et al., 1996; Johnson et al., 2017).

We have documented TSR of both barite and
anhydrite in the Haynesville shale and believe that
this is the primary reason why so little barite remains
in other organic-rich source rocks, particularly in for-
mations that have reached the same degree of ther-
mal maturity experienced by the Haynesville shale.
Parts of the Neuquén Basin in Argentina have also
experienced episodes of very high heat flow, particu-
larly in areas proximal to Cretaceous volcanism where
radiating networks of massive pyrobitumen veins
were generated from thermal cracking of organic
matter in the organic-rich Vaca Muerta Formation
(Cobbold et al., 2013). It is unlikely that much of the
primary gypsum beef would be preserved under such
conditions, except at the basin margins, where ther-
mal maturity was low and conditions were unfavor-
able for TSR. In closed-system TSR, with a limited
supply of aqueous sulfate, the H,S will have the same
sulfur isotopic composition as its source sulfate. This
is exactly what is observed in the Haynesville shale.

Analyses of FIs trapped in BPCLs suggest that
early generated liquid hydrocarbons were selectively
destroyed through TSR as the result of heating due
to an influx of high temperature (approximately
120°C-185°C) and highly saline (approximately 20-
25 wt. % equivalent NaCl) Ca- and Mg-rich sulfate
brines into the Haynesville shale (Tables A2.1, A2.2
[supplementary material available as AAPG Data-
share 179 at www.aapg.org/datashare]). The high
salinities, plus the Ca- and Mg-rich nature of the
brines are suggestive of an evaporitic source associ-
ated with the formation of these sphalerite-bearing
barite veins. The most likely source is the underlying
Werner anhydrite. This hydrothermal overprint of
the Haynesville shale was due to Cretaceous igneous

plutonism that impacted the shales in this part of
Louisiana. Hydrothermal fluids remobilized dissolved
components from the underlying Werner anhydrite
into the overlying Haynesville shale, resulting in TSR
and the generation of H,S with isotopically heavy sul-
fur. The shallower Bossier shale does not appear to
have been impacted by TSR since there is no evi-
dence for evaporite-derived heavy sulfur in H>S in

the Bossier shale (Figure 11E).
Temperature and Timing of BPCLs

Integration of FI thermometry with a calibrated Shell
basin model for the Haynesville shale shows that the
TSR and contemporaneous hydrothermal activity
were associated with Cretaceous (ca. 80-110 Ma)
igneous activity that has been well documented in
parts of Louisiana, Arkansas, and Mississippi by
Morris (1987), Byerly (1991), and Ewing (2009 [his
figure 6]). The Sabine island high is associated with
the Rusk uplift, radiometrically dated at 90 Ma,
whereas ages ranging from 89 to 108 Ma have
been reported for igneous rocks associated with the
Arkansas igneous province, which are consistent with
our own age estimates. This igneous activity is also
believed to be responsible for the anomalous present-
day high heat flow and overmature nature of the
Haynesville source rocks. Pronounced gravity and
magnetic anomalies are observed in the Shelby
County, Texas, and De Soto Parish, Louisiana, areas
underlying the Sabine uplift region (North American
Magnetic Anomaly Group, 2002). The anomalies
have been modeled as resulting from a mafic igneous
mass at depths of 8 to 15 km (Kruger, 2009).

The solid pyrobitumen forming the central parts
of most calcite beef layers is a remnant of original lig-
uid oil that was expelled from the source rock
and subsequently destroyed by TSR (Novosel et al.,
2010). Textural and mineralogical evidence suggests
that the locus of TSR was along suture zones at the
center of the sulfate-bearing layers, and that this is
also the locus of replacement of the original bedded
sulfate mineral by TSR-generated calcite beef, as
shown in Figures 3 through 8.

Hydrothermal activity documented in the Hay-
nesville shale by Martin and Ewing (2009) and in the
present study has many similarities to hydrothermal
alteration of organic-rich source rocks in the Posido-
nia Shale documented by Bernard et al. (2012).
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Alteration textures include calcite replacement of
barite and anhydrite, chlorite + albite alteration rims,
and base metal sulfides such as sphalerite, which are
commonly associated with pyrobitumen (Figure 8).
Bernard et al. (2012) interpreted these features as indi-
cating alteration of an organic-rich shale by highly
saline, high-temperature, hydrothermal fluids during
hydrocarbon generation and expulsion, leading to the
formation of albite alteration assemblages and pyrobi-
tumen as the degradation product of original liquid oil.
We also interpret these features as evidence for a
hydrothermal overprint in the Haynesville shale either
coeval with or slightly later than the stage of late oil-
to-gas generation.

Fluid Sources and Diagenetic Environment

In this section, we examine the oxygen isotopic com-
position and potential source of water involved in for-
mation of BPCLs. Normally, a value for the oxygen
isotopic composition of water is either measured or
assumed to permit calculation of the temperature of
calcite formation, for example, by using the equilib-
rium isotope exchange model for calcite-water from
Friedman and O’Neil (1977). This method was
recently supplemented by the A4; clumped isotope
method of Ghosh et al. (2006) for assessing isotopic
equilibrium in the carbonate-CO,-water system for
calcite in BPCLs from Vaca Muerta by Weger et al.
(2019).

The Haynesville shale in our study area was
deposited in an environment in which gypsum
rosettes formed, indicating a shallow water evapora-
tive setting, similar to conditions of evaporite forma-
tion in the Neuquén Basin described by Lo Forte
et al. (2005) and by Mancini et al. (1990) for Hay-
nesville shale in the Mississippi Interior salt basin of
Alabama. De Brodtkorb et al. (1982) and Ramos and
de Brodtkorb (1989) proposed an evaporitic origin
for the Upper Jurassic-Lower Cretaceous syngenetic
celestite and barite deposits in the Neuquén Basin.
Digregorio and Uliana (1980) considered these eva-
porites to be shallow water deposits that transition-
ally graded into a supratidal sabkha environment.
The Mallin Quemado barite ore overlies this gypsum
deposit and is up to 10 m thick. Warren (1991,
2006) also recognized an evaporitic origin for thick
beds of anhydrite that formed during early burial and
dewatering of primary gypsum layers.

Lo Forte et al. (2005) analyzed the oxygen and
sulfur isotopes in gypsum from the Neuquén Basin
(Table A4.1 [supplementary material available as
AAPG Datashare 179 at www.aapg.org/datashare]).
For gypsum, they reported 880 of +13.2%0 + 1%o
(standard mean ocean water [SMOW]) (n = 10;
+10). With this information and the isotopic frac-
tionation factor o 8Ogyp_wm, from Liu et al. (2019),
it is possible to estimate the oxygen isotopic composi-
tion of the water involved in gypsum formation in
the Neuquén Basin (see calculation in Table A4.1
[supplementary material available as AAPG Data-
share 179 at www.aapg.org/datashare]).

The calculated 830, of approximately +8%o
(SMOW) is consistent with the lower end of the
range reported by Weger et al. (2019) of approxi-
mately +8.5%0 to +14.5%0 (SMOW). Adopting a
value of 8’80 for water of approximately +8 %o and
using measured calcite oxygen isotope values of —9%o
to —11%o (VPDB) from Table Al.1 (supplementary
material available as AAPG Datashare 179 at www.
aapg.org/datashare), we estimate from the water-
calcite oxygen isotopic equilibrium of Friedman and
O’Neil (1977) a formation temperature range for cal-
cite of approximately 140°C to 165°C (Figure A4.2
[supplementary material available as AAPG Data-
share 179 at www.aapg.org/datashare]). We note that
these temperatures are in excellent agreement with
homogenization temperatures measured on aqueous
inclusions shown in Tables A2.1 and A2.2 (supple-
mentary material available as AAPG Datashare 179 at
www.aapg.org/datashare). This temperature range is
also broadly consistent with that reported by Weger
et al. (2019) of 120°C to 150°C in mudrocks and
140°C to 195°C for calcite beef in the Vaca Muerta
Formation. We have observed FI homogenization
temperatures as high as 186°C to 200°C in some of
our Haynesville samples, but these are not typical. A
possible explanation for the calcite beef formation
temperatures reported by Weger et al. (2019) being
elevated relative to the local geothermal gradient
could be due to the involvement of TSR. The TSR is
an exothermic process (Orr 1974, 1977) and may
have reset the A4; clumped isotope temperatures
locally exceeding the regional geothermal gradient,
possibly also related to late-stage hydrothermal activ-
ity. Otherwise, the reported A4; clumped isotope
temperatures for calcite beef in the Vaca Muerta For-
mation are in good agreement with our estimated
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temperatures for BPCLs in the Haynesville shale. The
oxygen isotope data also support a gypsum precursor
for the calcite beef layers in the Haynesville shale.

Fluid Pressures during BPCL Formation

One of the features that make the Hayneville shale
gas play an attractive asset is the high in situ CH, gas
pressure, which ensures excellent rates of produc-
tion. The average fluid pressure gradient for samples
in Table A3.2 (supplementary material available as
AAPG Datashare 179 at www.aapg.org/datashare) is
0.87 £ 0.03 psi/ft (+10; n =4), estimated at present-
day depth. Gradients would have been even lower in
the geological past, before the estimated regional
uplift of approximately 1000 to 1500 m. This means
that fluid pressures at the time of calcite beef forma-
tion were lower than those of the present day and that
the calcite beef did not grow under a stress regime in
which the fluid pressures ever reached or exceeded
overburden pressure. These observations are consis-
tent with those of Wang et al. (2020), who concluded
that fibrous BPCLs in Eocene organic-rich shales from
Bohai Bay formed under fluid pressures that ranged
from approximately 0.5 to 0.6 times lithostatic at
temperatures of approximately 125°C to 160°C.

The estimated pressure gradients in Table A3.2
(supplementary material available as AAPG Data-
share 179 at www.aapg.org/datashare) are well above
hydrostatic but still below the overburden pressure
and fracture gradient of the host shale. This has,
undoubtedly, contributed to the retention of high
CH, gas pressures since the time of peak burial when
hydrocarbon maturation and subsequent late oil-to-
gas cracking generated most of the CH, and pyrobi-
tumen. We agree, therefore, with the observations of
Stoneley (1983), Capuano (1994), Rodrigues et al.
(2009), Cobbold et al. (2013), and Weger et al.
(2019) that there is indeed an obvious connection
between the formation of calcite beef, overpressures,
and primary oil migration. However, it is the origin
of the fibrous calcite beef texture that has not yet
been fully appreciated nor recognized in the forma-

tion of BPCLs.
Replacement Mechanism by Calcite

In a series of recent experiments that examined
the dissolution and growth mechanism during

replacement of anhydrite by calcite, Roncal-Herrero
et al. (2017) established that calcite growth pro-
ceeded by epitactic (epitaxial) nucleation along anhy-
drite cleavage surfaces and the simultaneous growth
of calcite. This process resulted in complete replace-
ment of the anhydrite while preserving the original
orientation of the precursor anhydrite. Although no
similar experiments were conducted using barite, we
note that barite is also an orthorhombic mineral and
is isostructural with anhydrite. We expect, therefore,
that calcite replacement of barite would proceed in a
similar manner (Figures 5, 6).

The replacement of sulfate minerals by calcite is
accompanied by a significant negative volume change
(Fernandez-Diaz et al., 2009; Roncal-Herrero et al.,
2017; Table A5.1 [supplementary material available as
AAPG Datashare 179 at www.aapg.org/datashare]).
The conversion of gypsum to anhydrite is likely to
be a relatively early diagenetic process that occurs
in the temperature range of approximately 40°C to
60°C, depending on pore fluid pressure and water
activity (i.e., salinity; Jowett et al., 1993), but most
likely before any significant hydrocarbon generation.
Based on an electron backscatter diffraction study
on calcite crystal habit and forms in fibrous calcite
layers from Bohai Bay, Ma et al. (2020) showed
that the calcite crystals had sharp rhombohedral
shapes and hexagonal prism morphology. According
to Li (1994), these types of calcite crystal forms
indicate low temperatures of formation, approxi-
mately 25°C to 75°C.

The replacement reactions of relevance to the
Haynesville BPCLs are therefore the conversion
of barite and anhydrite to calcite, associated with
estimated volume losses of approximately 29 and
approximately 20 vol. %, respectively (Table A5.1
[supplementary material available as AAPG Data-
share 179 at www.aapg.org/datashare]). For the case
of the anhydrite replacement by calcite, Roncal-
Herrero et al. (2017) noted that some of this negative
volume of reaction forms interstitial porosity in the
anhydrite-gypsum network. However, only some of
this volume loss can be accommodated as porosity.

We infer that median sutures in calcite beef
layers represent breaks in the accumulation and epi-
sodic evaporation of sulfate-saturated brines and are
horizons defined by accumulation of clay and
silt particles. As zones of structural weakness, they
represent permeable pathways that allowed for the
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migration and expulsion of CO; % brine + hydrocar-
bons out of the organic-rich source rock shale.
Replacement of sulfate occurred from this median
suture outward toward the layer margins, as shown
in Figures 3D, SA-F, and 6C, in which incomplete
replacement of barite by calcite is observed. A vol-
ume loss of approximately 20% to 30% during
replacement by calcite also creates space into which
the remaining assemblage of solids and fluid must be
redistributed. This provides a plausible explanation
for the brittle deformation textures that characterize
the distribution of disaggregated solid pyrobitumen
at the centers of calcite beef layers, as shown in
Figures 3D, 8A, and 9.

Where the replacement of sulfate minerals by
calcite is more pronounced and the volume loss is
greatest, calcite continues to nucleate and grow.
However, in these cases, due to the collapse of the
BPCL, the preferred growth orientation of the calcite
is in the direction of minimum stress—in other
words, orthogonal to the original calcite beef texture.
An example of this is shown in Figure 9. The mecha-
nism by which the solid pyrobitumen was disaggre-
gated is due to a combination of compression by
the overburden stress o,, extension in the direction
of minimum horizontal stress, and shrinkage of
pyrobitumen volume from oil-to-gas cracking. This
resulted in stretching and tensile failure of the brittle
pyrobitumen into adjacent void space created by vol-
ume loss during the replacement of barite and anhy-
drite by calcite. Late-stage calcite growth associated
with this late phase of compaction also resulted in
fluid loss out of the BPCL into the shale matrix.
Figure 9 clearly shows such fluid expulsion features
as splays of calcite forcibly disrupting bedding at the
contacts with adjacent shale matrix. We interpret
these splay features as points where fluids were forc-
ibly injected into the shale matrix. Similar calcite tex-
tures have been reported in the middle Tuscaloosa
Formation mudstone and in the Haynesville shale by
Lu et al. (2011) and by Hammes and Frébourg
(2012; Figure 10F), respectively.

In their study of calcite beef in the Vaca Muerta
Formation, Rodrigues et al. (2009) also observed a
second generation of pyrobitumen-free white calcite
that appeared as an outer zone in which the calcite
crystals were deformed, forming an oblique angle
between the original vertical fibrous calcite and the
wall rock shale. They attributed the deformation to

horizontal stresses due to tectonic shortening, which
probably postdated peak gas generation in the Vaca
Muerta Formation. The Vaca Muerta Formation
experienced horizontal shortening during BPCL for-
mation (Rodrigues et al., 2009; Ukar et al., 2017). By
contrast, the Haynesville shale is bounded by the
North Louisiana Salt Basin to the east and the East
Texas Salt Basin to the west (Figure 1). Any horizon-
tal tectonic stress would likely be ameliorated by
salt movement before any significant horizontal
shortening impacted the Haynesville shale. Even so,
we have also observed horizontal offsets bounded by
median sutures in the Haynesville shale shown in
Figure 3A, B, for example.

CONCLUSION

Our mineralogical, isotope geochemistry, FI, and
Raman spectroscopic studies provide new data that
bear directly on how BPCLs formed. Mineralogical
precursors to these layers are shown to be dominated
by syngenetic layers of early, low-temperature sulfate
minerals, principally gypsum and barite. Our work
shows that the fibrous calcite beef texture of BPCLs
is an inherited feature attributable to the replacement
of early sulfate minerals, deposited in evaporite-rich
basins by authigenic calcite.

In the Haynesville shale, H,S was generated
from two well-defined sources of sulfur. Isotopically
light H,S sulfur with §°*S = —9%o to —20%o is most
likely derived from original marine kerogen and is
associated with framboidal matrix pyrite, with 8°*S =
—11.5%0 + 2.6%0 (n = 22; +10), consistent with the
formation by BSR of contemporaneous marine sul-
fate. Heavy H>S has 8%S = +16%o to + 18%o and
formed by TSR. Sulfur derived from the reaction of
bedding-parallel barite and anhydrite layers (6°*S =
+19.6%0 £ 3.6%0; n = 27; £10) is indistinguishable
from the underlying Werner anhydrite. We conclude
that the heavy H,S was produced by TSR of sulfate
minerals precipitated from Jurassic seawater and
remobilized aqueous sulfate from the Werner anhy-
drite introduced into the Haynesville shale by later
hydrothermal activity associated with Cretaceous
plutonism.

Using recently published fractionation factors for
oxygen isotopes in the gypsum-water system (cor-
rected for salinity), we estimate the oxygen isotopic
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composition of water involved in the deposition of
primary gypsum to be approximately +8%o0 (SMOW).
Together with the measured oxygen isotope values
of —9%o0 to —11%o (PDB) in calcite, we estimate
from the water-calcite oxygen isotopic equilibrium of
Friedman and O’Neil (1977) a formation temperature
range for calcite of approximately 140°C to 165°C.
This range of temperatures is in excellent agreement
with FI homogenization temperatures measured in
fibrous calcite and late hydrothermal barite veins.

The oxygen isotope data are also consistent with
gypsum dehydration being a significant source of
water associated with the diagenetic replacement of
primary gypsum by authigenic calcite in BPCLs in
both the Haynesville shale and the Vaca Muerta
Formation.

Results of microlaser Raman spectroscopy show
that CHy pressures associated with the replacement
of sulfate by TSR and the formation of the BPCLs
were likely well below the overburden stress and did
not exceed the local fracture gradient. This ensured
retention of high saturations and pressures of CH,4
gas generated by secondary oil-to-gas cracking. Oil-
to-gas cracking also generated the pyrobitumen layers
that typically are observed along the median sutures
in BPCLs.

The replacement of anhydrite and barite by cal-
cite is associated with a significant negative volume
of reaction of approximately 20 to 30 vol. %. A con-
sequence of such a volume loss of solid material is
the collapse of the original sulfate beef layer and
redistribution of solid pyrobitumen through disaggre-
gation in the direction of minimum horizontal stress.
At maximum volume loss and under compression by
the overburden stress, newly formed calcite grew
orthogonally to the original calcite beef fabric, also in
the direction of minimum horizontal stress (i.e., par-

allel to bedding).
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