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ABSTRACT

Organic matter (OM)-hosted pores play important roles in controlling the porosity and gas content of gas shales.
However, the control of organic pore development and preservation remains poorly understood, partly because
of the inability to distinguish OM types under the scanning electron microscope (SEM). In this study, seven over-
mature Wufeng-Longmaxi Shale samples (equivalent vitrinite reflectance 1.93%-3.07%) were investigated with
organic petrography and scanning electron microscope to study the origin of OM and development of organic
pores in this black shale succession. Correlative light and electron microscopy was employed to examine pore
development in individual macerals. Organic petrographic observations show that OM in these over-mature
black shales is dominated by pyrobitumen and graptolites (> 90 vol% of total OM based on point counting).
Pyrobitumen mainly occurs as matrix bitumen in the fine-grained matrix, and also as a mixture with clay
minerals and fossil cavity infillings. Vitrinite-like particles are minor constituents of OM in the Wufeng-Longmaxi
Shale, and their average reflectance, reflectance distribution, and morphology suggest that they may be derived
from graptolite fragments lacking diagnostic features and acritarchs. OM type critically controls the development
of organic pores. Organic pores primarily occur in pyrobitumen, whereas other macerals are mostly non-porous
when examined under the SEM. Results of this study provided important insights into OM thermal evolution and
organic pore development in source-rock reservoirs, calling for a critical appraisal of OM in black shales with
organic petrography in addition to SEM.

1. Introduction

Dispersed OM in black shales consists of five maceral groups, with
each group containing multiple macerals (Potter et al., 1998; Stasiuk

Organic matter (OM) in organic-rich sedimentary rocks, such as
black shales and coals, is the source of oil and gas (Tissot and Welte,
1984). Its quantity, quality, and thermal maturity determine the hy-
drocarbon generation potential of petroleum source rocks (Tissot and
Welte, 1984; Suarez-Ruiz et al., 2012; Hackley and Cardott, 2016;
Mastalerz et al., 2018; Hackley et al., 2021). OM-hosted pores are an
important component of the pore system of tight shale reservoirs
(Loucks et al., 2009, 2012; Schieber, 2010; Katz and Arango, 2018;
Mastalerz et al., 2018; Chen et al., 2021; Liu et al., 2021, 2022). Doc-
umenting OM type and its control on the development of OM-hosted
pores in black shales is of great importance for conventional source
rock evaluation and unconventional reservoir characterization.

et al., 2002; Hackley and Cardott, 2016; Flores and Suarez-Ruiz, 2017;
Mastalerz et al., 2018; Liu et al., 2022). Common macerals in black
shales are amorphous organic matter (also named bituminite; Teich-
miiller and Ottenjann, 1977), alginite, liptodetrinite, solid bitumen/
pyrobitumen, vitrinite, inertinite, and zooclasts (Mastalerz et al., 2018).
Amorphous organic matter, alginite, and liptodetrinite are oil-prone
macerals, which transform to solid bitumen and hydrocarbons during
thermal maturation and do not exist in their original forms after the peak
oil window (R, 0.8-1.0%; Hackley and Cardott, 2016; Liu et al., 2017,
2019, 2022; Mastalerz et al., 2018; Teng et al., 2021). Solid bitumen
becomes the dominant OM after the peak oil window (Hackley and
Cardott, 2016; Mastalerz et al., 2018; Liu et al., 2019, 2022). In
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Fig. 1. Chart showing generalized stratigraphy of Upper Ordovician and Lower
Silurian in the Sichuan Basin. The thickness of different formations is not
to scale.

comparison, vitrinite, inertinite, and zooclasts do not show significant
changes in morphology with increasing levels of thermal maturation due
to their low hydrocarbon generation potential (Liu et al., 2019, 2022).

OM-hosted pores in black shales include primary and secondary
organic pores (Liu et al., 2017, 2022; Katz and Arango, 2018). Primary
organic pores are derived from the original biological structure of OM
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such as cellular pores in inertinite (Liu et al., 2017, 2022; Cardott and
Curtis, 2018; Katz and Arango, 2018). They make limited contributions
to the pore network of shale reservoirs because they are mostly filled
with diagenetic minerals such as quartz and pyrite (Liu et al., 2017,
2022). Secondary organic pores form during oil and gas generation and
expulsion and occur in solid bitumen/pyrobitumen (Liu et al., 2017,
2022; Mastalerz et al., 2018). They contribute significantly to the gas
content and porosity of mature black shales (Ross and Bustin, 2009; Hao
et al., 2013; Qiu et al., 2020).

The Wufeng-Longmaxi Shale is the largest shale gas play in China
and one of the largest shale gas plays in the world (Qiu and Zou, 2020;
Qiu et al., 2020; Nie et al., 2021; Sun et al., 2021), with production
reaching more than 20.0 x 10° m? in 2020 (Zou and Qiu, 2021). OM
types in this black shale succession and their control on organic pore
development are not well understood. Organic petrographic studies
show that OM in these organic-rich shales consists of graptolite, pyro-
bitumen, vitrinite-like particles, and acritarchs (e.g., Luo et al., 2016,
2017, 2018; Wang et al., 2019, 2020, 2021; Yang et al., 2020; Wei et al.,
2021; Delle Piane et al., 2022; Qiu et al., 2022). Because of the lack of
vitrinite in this black shale succession, the reflectance of graptolite and
pyrobitumen has been used to assess the thermal maturity of shales (Luo
et al., 2017, 2018; Wang et al., 2019, 2020, 2021). Multiple earlier
studies have asserted abundant algae in this black shale succession (e.g.,
Nie et al., 2018; Hu et al., 2020; Zhang et al., 2020a, 2020b). It has,
however, been well documented that oil-prone alginite transforms to
solid bitumen and hydrocarbons during thermal maturation and does no
longer exist in its original form at high maturity (Hackley and Cardott,
2016; Mastalerz et al., 2018; Liu et al., 2019, 2022; Hackley et al., 2021).
The purpose of this study is to probe the origin of OM in the Wufeng-
Longmaxi Shale. Specific objectives are to 1) examine OM types in the
Wufeng-Longmaxi Shale; and 2) analyze the control of OM types on the
development of organic pores.

2. Geological setting

The merging of the Yangtze Block and the Cathaysia Block was
initiated during the Neoproterozoic (Qiu et al., 2016) and resulted in the
formation of a foreland basin on the northwestern Cathaysia Block and
southern Yangtze Block (Li et al., 2017). The Ordovician Wufeng For-
mation and Silurian Longmaxi Formation of the Sichuan Basin were

Fig. 2. Map showing the extent of the Sichuan Basin and sampling locations. Modified from Wang et al. (2019). SH = Shuanghe section; QL = Qiliao section; TB =

Tianba section.
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Table 1
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Measured total organic carbon (TOC) content, graptolite reflectance (GR,), vitrinite-like particle reflectance (VLR,), pyrobitumen reflectance (BR,), number of
measurements, standard deviation, and calculated equivalent vitrinite reflectance (EqR,) of the studied shale samples.

Sample  Location Formation TOC (wt N SD VLR, N SD BR, N SD EqR,- EqR,-
%) 1 2
SH-14 Shuanghe section, Changning County, =~ Wufeng 2.12 397 89 0.81 3.94 59 0.8 252 29 039 3.06 2.63
Sichuan Formation
SH-18 Wufeng 2.37 401 93 0.80 4.19 58 072 265 7 0.50  3.09 2.76
Formation
QL-06 Qiliao section, Shizhu County, Wufeng 3.95 3.56 81 0.63  3.23 53 048 227 41 030 276 2.40
Chongging Formation
QL-17 Longmaxi 4.27 372 132 0.60 3.34 80 038 247 65 039 288 2.59
Formation
TB-27 Tianba section, Wuxi County, Longmaxi 6.51 252 130 050 221 108 036 191 39 017 2.00 2.05
Chongging Formation
TB-28 Longmaxi 6.85 2.34 100 036 211 107 027 1.82 33 017 1.87 1.97
Formation

EqR,-1: Calculated EqR,, from GR, based on EqR, = GR, x 0.73 + 0.16 (Petersen et al., 2013).
EqR,-2: Calculated EqR,, from BR, based on EqR, = BR, x 0.9528 + 0.2328 (Schoenherr et al., 2007).

N = number of measurements; SD = standard deviation.

Table 2
Maceral composition of organic matter in the studied shales based on point
counting.

Sample TOC (wt Maceral composition (vol%, on mineral-matter-free basis)
%
%) Pyrobitumen  Graptolite  Vitrinite-like Acritarch
particle

SH-14 2.12 75.4 19.2 5.4 -

SH-18 2.37 73.1 20.8 6.1 -

QL-06 3.95 74.9 18.2 6.5 0.4
QL-17 4.27 71.5 20.2 7.5 0.7
TB-27 6.51 69.8 22.6 7.2 0.4
TB-28 6.85 67.0 24.4 8.0 0.6

“~” = not detected.

deposited in the Yangtze Shelf Sea (Zou et al., 2018, 2019). Geograph-
ically, the Wufeng-Longmaxi Shale mainly occurs in easter Sichuan,
Chonggqing, northern Guizhou, and western Hubei. Stratigraphically, it
overlies the Linxiang Formation limestone and underlies the Xiaoheba
Formation sandstone (Fig. 1). Within this black shale succession, the
Kuanyinchiao Bed, a fossiliferous limestone or calcareous shale, overlies
the Wufeng Formation and underlies the Longmaxi Formation (Fig. 1),
and serves as a marker bed for regional correlation. The Wufeng For-
mation and bottom Longmaxi Formation mainly consist of black sili-
ceous shales and calcareous shales that are the current target interval for
shale gas development. The total organic carbon (TOC) content of this
interval typically ranges from 2 to 3 wt% and reaches up to 8 wt% locally
(Zou et al., 2019; Qiu et al., 2020). Graptolites are common in this black
shale succession (Luo et al., 2016, 2017; Ma et al., 2016; Qiu et al., 2018;
Gong et al., 2020). The mean graptolite reflectance of the Wufeng-
Longmaxi Shale ranges from 1.2% to 5.0% (Wang et al., 2019), indi-
cating that these rocks are dominantly within the dry gas window.

3. Samples and analytical methods
3.1. Samples

Seven samples from three outcrop sections (Fig. 2) were collected to
study OM content, type, thermal maturity, and organic pores in the
Wufeng-Longmaxi Shale. Three samples are from the Shuanghe (SH)
section, Changning County, Sichuan. Two of the three samples were
studied for detailed organic petrographic composition. The other four
samples are from the Qiliao (QL) section, Shizhu County, Chongging,
and the Tianba (TB) section, Wuxi County, Chongqing, with two samples
from each section. Because OM is the focus of this study, only organic-
rich black shales were selected.

3.2. Analytical methods

3.2.1. Total organic carbon content

The TOC contents of shale samples were measured using a LECO
elemental analyzer (SC832DR). Powdered samples were pretreated with
10 wt% HCI to remove carbonate minerals. Before TOC analysis, solid
residues after acid treatment were freeze dried. Solid residues were
analyzed with the LECO elemental analyzer, and the measured TOC
contents of the solid residues were converted to the TOC contents of
corresponding shale samples.

3.2.2. Organic petrography

Shale samples were crushed into rock chips to pass through a 20-
mesh sieve. The chips were made into whole-rock pellets following the
standard coal petrography procedures (ASTM, 2015). A Leica DM2500 P
microscope linked to a Leica DFC 310 FX digital camera was used to
document the petrographic characteristics of macerals such as occur-
rence, colour, size, and texture. The reflectance of graptolite, pyrobi-
tumen, and vitrinite-like particle (VLP) was measured using a Zeiss
Photoscope III reflected-light microscope linked to a TIDAS PMT IV
photometric system. More than 50 measurements were taken for grap-
tolite reflectance (GR,) and VLP reflectance (VLR,). As many as possible
measurements were taken for pyrobitumen reflectance (BR,) because
pyrobitumen is generally very small for measurements. Maceral
composition of OM in the studied shales was determined based on point
counting, with 500 points counted on OM.

3.2.3. Scanning electron microscopic imaging

A field-emission scanning electron microscope (SEM; FEI Quanta 400
FEG) was used to examine pores in OM. Shale samples were first me-
chanically polished using successively finer grit (as fine as 1 pm) and
then argon ion milled with a Gatan 600 DuoMill at 4 kV and a low
incident angle (7.5°) for 2 h (Schieber, 2010, 2013; Schieber et al., 2016;
Mastalerz and Schieber, 2017). During SEM imaging, the SEM was
operated in low vacuum mode at a working distance of about 10 mm and
an accelerating voltage of 15 kV. Energy dispersive X-ray spectroscopy
was used to determine the composition of minerals.

Correlative light and electron microscopy (Liu et al., 2017, 2022)
was used to determine the type of OM seen under the SEM. First, OM
types were identified under the reflected-light microscope before SEM
imaging. The petrographic pellets were then cut and mounted to a
sample holder for argon ion milling. Ion-milled samples were put under
the SEM, and the same fields of view with previously identified OM were
located under the SEM to examine the pore development characteristics
of specific macerals (Liu et al., 2022).
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Fig. 3. Photomicrographs of pyrobitumen in reflected white light and oil immersion. (A, B) Pyrobitumen (red arrow), TB-28. (C, D) Pyrobitumen (red arrow), QL-06.
Note the fine void-filling wispy nature of pyrobitumen. (E) Pyrobitumen mixed with clay minerals (red arrows) shows distinct patterns, TB-28. (F) Pyrobitumen (red
arrow) filling recrystallized radiolarians, SH-14. The radial pattern (yellow arrows) inside the recrystallized radiolarian suggests chalcedonic silica, a typical texture
of recrystallized radiolaria (Schieber, 1996). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
4. Results
4.1. Organic matter content and thermal maturity

The TOC content of the studied shale samples ranges from 2.12 to
6.85 wt%, with an average value of 4.35 wt% (Table 1). The average GR,,
of the SH, QL, and TB sections is 3.99%, 3.64%, and 2.43%, respectively,
which translates into equivalent vitrinite reflectance (EqR,) of 3.07%,
2.82%, and 1.93%, respectively (Table 1), based on the relationship
between GR, and EqR,, in Petersen et al. (2013). All three sections are in
the over-mature stage, with the SH section being the most mature and
the TB section the least mature. The EqR,, of the SH, QL, and TB sections
calculated from the BR, based on the relationship between BR, and EqR,,
in Schoenherr et al. (2007) is 2.70%, 2.49%, 2.01%, respectively
(Table 1), with the values of the SH and QL sections lower than and the
value of the TB section slightly higher than those calculated from the
GR,. The standard deviation of GR, is higher than that of BR, for the

same sample due to the anisotropy of graptolites. Between samples,
higher standard deviation was noticed for high-maturity samples
(Table 1).

4.2. Organic matter type

When examined under an optical microscope, OM in the studied
shales consists of pyrobitumen, graptolites, VLP, and acritarchs. Pyro-
bitumen and graptolites are the dominant OM in all three sections, ac-
counting for 72.0 vol% and 20.9 vol% of total OM on average,
respectively (Table 2). The contents of VLP and acritarchs are <10 vol%
and 1 vol%, respectively. There are no significant changes in maceral
composition among the three sections except that no acritarchs were
observed in samples from the SH section (Table 2).

Pyrobitumen mainly occurs as fine void-filling wisps (matrix
bitumen) and is typically <5 pm (Fig. 3A—D). Pyrobitumen can also be
mixed with clay minerals (Fig. 3E) and fill fossil cavities (Fig. 3F).
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Fig. 4. Photomicrographs of graptolites in reflected white light and oil immersion. (A) Graptolite (yellow arrow), TB-28. (B) Graptolite (yellow arrow), SH-18. (C)
Graptolite (yellow arrows), QL-06. (D) Granular graptolite fragments (red arrows), SH-18. (E) Graptolite fragments (yellow arrows), QL-17. The appendix at the
bottom of the fragment suggests a graptolite origin. (F) Graptolite fragments (yellow arrows), SH-18. The anisotropy and concentric pattern (upper particle) suggest a
graptolite origin. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Pyrobitumen within the clusters of clay minerals (illite) is clearly
distinct from matrix bitumen filling interparticle pores between mineral
grains (Fig. 3). Graptolites show typical periderm when viewed
perpendicular to the bedding (Fig. 4A—C) and occur as fragments
dispersed in the fine-grained matrix (Fig. 4D—F). Some graptolites in the
studied samples show anisotropy under the microscope (Fig. 4F), and
others (both large periderm and small fragments) appear to be granular
(Fig. 4D). VLPs occur as dispersed OM particles of various shapes in the
fine-grained matrix, with the shape being rounded or irregular (Fig. 5).
The size of VLPs is generally >5 pm. Acritarchs occur as round OM
particles with spikes on the rim (Fig. 6), with a typical size of about
10-15 pm.

4.3. Organic matter-hosted pores

OM-hosted pores are abundant in pyrobitumen, including both ma-
trix bitumen in the fine-grained matrix (Fig. 7) and pyrobitumen mixed

with clay minerals (Fig. 8). Organic pores in pyrobitumen mixed with
clay minerals show weak alignment along clay flakes (Fig. 8). The size of
organic pores is typically smaller than 1000 nm. The shape of organic
pores is round or irregular (Figs. 7, 8).

Organic pores were not observed in non-granular graptolite, which is
the main type of graptolite in the studied samples (Fig. 9). Granular
graptolite, however, can host nanometer-scale organic pores (Fig. 10).
Similar to graptolite, most VLPs do not have pores (Fig. 11).

5. Discussion
5.1. Thermal evolution of organic matter

Prior studies have reported the dominance of solid bitumen/pyro-
bitumen in over-mature shales (Hackley and Cardott, 2016; Liu et al.,

2017, 2019, 2022; Mastalerz et al., 2018; Hackley et al., 2021). Ther-
mally, the studied rocks are over mature (EqR, 1.93%-3.07%). Oil-
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Fig. 5. Photomicrographs of vitrinite-like particles (VLP) in reflected white light and oil immersion. (A-B) Rounded to subrounded VLP (cyan arrows), QL-17. (C-D)
Irregular VLP (cyan arrows), (C) TB-28, (D) SH-18. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

Fig. 6. Photomicrographs of acritarchs in reflected white light and oil immersion. (A) QL-17. The insert shows details of the acritarch. Note the spikes on the rim of
the acritarch. (B) Acritarch (green arrow), TB-28. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

prone macerals have finished hydrocarbon generation and now occur as
pyrobitumen. Therefore, oil-prone macerals such as alginite should not
exist in the studied samples. Oil-prone macerals were indeed not
observed and pyrobitumen is the dominant OM in these over-mature
samples (Table 2). Graptolites, VLPs, and acritarchs can still be identi-
fied on the basis of their morphology (Figs. 4—6) because of their low
hydrocarbon generation potential. Wei et al. (2021) observed pyrobi-
tumen, zooclasts, and acritarchs, and Qiu et al. (2022) identified pyro-
bitumen, graptolites, and VLPs in the Wufeng-Longmaxi Shale,
consistent with this study. However, multiple earlier studies identified
abundant algae in this over-mature black shale succession (Nie et al.,
2018; Hu et al., 2020; Zhang et al., 2020a, 2020b). For example, Zhang
et al. (2020b) identified acritarchs, green algae, fungi, and benthic algae

in the Wufeng-Longmaxi Shale. Fungal spores and algae (Figures 4 to 6
of Zhang et al., 2020b) probably exist in the Wufeng-Longmaxi Shale,
but definitely not in great abundance because they were not observed in
this study. In addition, these algae and spores are definitely not oil-prone
OM, because if they are, they should have transformed to hydrocarbons
and pyrobitumen at this maturity and would not have been able to retain
their original morphology. Hackley et al. (2017) conducted artificial
thermal maturation experiments of Tasmanites microfossils, a type of
unicellular green algae with high hydrocarbon generation potential, and
found that Tasmanites was absent after being heated at 340 °C for 72 h
(R, ~ 1.0%), consistent with the absence of Tasmanites cysts in naturally
matured samples (Ryder et al., 2013). Luo et al. (2021) also found that
algae-derived OM such as alginite and bituminite in the immature
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Fig. 7. Photomicrographs of pyrobitumen in the fine-
grained matrix. (A) Pyrobitumen (red arrows) in reflected
white light and oil immersion. (B) The same field of view as
panel A under the SEM (backscattered electron mode).
(C-H) Details of pyrobitumen with organic pores under the
SEM (secondary electron mode). Panels F and H are the
close-up views of the red dashed areas in panels E and G,
respectively. Sample SH-25. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 8. Photomicrographs of pyrobitumen mixed with clay minerals. (A) Pyrobitumen (red arrows) in reflected white light and oil immersion. (B) The same field of
view as panel A under the SEM (backscattered electron mode). (C — F) Details of pyrobitumen with organic pores under the SEM (secondary electron mode). Panels D
and F are the close-up views of the red dashed areas in panels C and E, respectively. Pyrobitumen is mixed with illite (black arrows). Illite is clearly diagenetic clay
mineral that grew in bitumen. Sample TB-28. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 9. Photomicrographs of graptolites without organic
pores. (A, E) Graptolite (yellow arrows) in reflected white
light and oil immersion. (B, F) The same fields of view as
panels A and E under the SEM (backscattered electron
mode), respectively. (C-D, G-H,) Details of graptolites
under the SEM (secondary electron mode). Panels D and H
are the close-up views of the red dashed areas in panels C
and G, respectively. No pores were observed in graptolites.
Sample SH-25. (For interpretation of the references to
colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 10. Photomicrographs of granular graptolites with organic pores. (A) Granular graptolite (yellow arrow) in reflected white light and oil immersion. (B) The
same field of view as panel A under the SEM (backscattered electron mode). (C — F) Details of graptolites under the SEM (secondary electron mode). Panels D and F
are the close-up views of the red dashed areas in panels C and E, respectively. Nanometer-scale pores occur in granular graptolites. Sample TB-28. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 11. Photomicrographs of vitrinite-like particles (VLPs). (A) VLPs (cyan arrows) in reflected white light and oil immersion. (B) The same field of view as panel A
under the SEM (backscattered electron mode). (C — D) Details of VLPs under the SEM (secondary electron mode). Panel D is the close-up view of the red dashed areas
in panel C. No pores were observed in VLPs. Sample SH-25. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

Proterozoic Xiamaling shales from China and the Cambrian Alum shales
from Sweden decomposed after being heated from 325 °C to 350 °C for
72 (R, 1.11-1.48%) and solid bitumen dominates OM composition af-
terwards, supporting the absence of oil-prone alginite in the over-mature
Wufeng-Longmaxi Shale. Artificial thermal maturation experiments of
graptolite-bearing sediments show that graptolite reflectance and vitri-
nite reflectance increase with heating temperature at a similar rate, and
that graptolite random reflectance is a good indicator of thermal
maturity (Luo et al., 2018; Wang et al., 2020).

5.2. Maceral control on organic pore development

OM type critically controls the development of organic pores in black
shales (Liu et al., 2017, 2022; Katz and Arango, 2018; Ardakani et al.,
2018; Wu et al., 2020; Wei et al., 2021; Delle Piane et al., 2022). Oil-
prone macerals generate oil and gas and transform to solid bitumen
during thermal maturation, and subsequently organic pores develop in
solid bitumen (Cardott et al., 2015; Liu et al., 2017, 2022; Mastalerz
et al., 2018). Cardott et al. (2015) observed a solid bitumen network
with nano-scale pores in the Woodford Shale. In comparison, gas-prone
and inert macerals rarely develop organic pores due to their low hy-
drocarbon generation potential (Ardakani et al., 2018; Mastalerz et al.,
2018; Liu et al., 2022). In this study, organic pores mainly occur in

11

Fig. 12. Graph showing relationship between graptolite reflectance (GR,) and
vitrinite-like particle reflectance (VLR,). Although most data points are not
exactly on the 1:1 line, they are distributed near the 1:1 line.
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Fig. 13. Histograms of measured graptolite reflectance (GR,) and virinite-like particle reflectance (VLR,).

Fig. 14. Photomicrographs of irregular vitrinite-like particles (VLPs) (cyan arrows) in reflected white light and oil immersion. The appendices (red arrows) suggest
that these VLPs are fragments of the organic remains of organisms, most likely graptolites. (A) TB-28, (B) QL-17. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 15. Photomicrographs of acritarchs (A) and round vitrinite-like particles (VLPs) (B) in reflected white light and oil immersion. The VLP in B has similar
reflectance and morphology to the acritarch in A, suggesting that the VLP is probably derived from acritarchs. TB-28.

pyrobitumen (Figs. 7, 8), and minor nano-scale pores are present in
granular graptolites (Fig. 10). Yang et al. (2020) and Delle Piane et al.
(2022) also found that SEM-visible organic pores are pervasive in
pyrobitumen and undeveloped in graptolites in the Wufeng-Longmaxi
Shale. Similarly, Wei et al. (2021) reported that organic pores in the
Wufeng-Longmaxi Shale are primarily hosted by pyrobitumen, and that
zooclasts contribute little to porosity. However, multiple studies have
described organic pores within graptolites in the Wufeng-Longmaxi
Shale (e.g., Luo et al., 2016; Ma et al., 2016; Qiu et al., 2018; Gong
et al., 2020; Tenger et al., 2021). Whether these organic pores in grap-
tolites are primary or secondary remains unclear at present (Liu et al.,
2022). Organic pores in over-mature shales are primarily hosted by
pyrobitumen. Because pyrobitumen was once liquid, it may form an
interconnected network of pyrobitumen with organic pores, forming an
organic pore network in shale reservoirs (Liu et al., 2019; Delle Piane
et al., 2022).

5.3. Origin of vitrinite-like particles

Vitrinite-like particles are OM particles that resemble vitrinite
(Buchardt and Lewan, 1990). The reflectance of VLPs can be used to
estimate the thermal maturity of host rocks when vitrinite is absent,
especially in pre-Devonian rocks (Buchardt and Lewan, 1990; Xiao et al.,
2000; Petersen et al., 2013; Teng et al., 2020; Luo et al., 2020). VLPs are
widely present in shale formations and their origin is still a matter of
debate (Luo et al.,, 2021). Some studies suggest that VLPs are solid
bitumen that is indistinguishable from vitrinite (Hackley and Lewan,
2018; Schmidt et al., 2019), whereas others argue that VLP are synde-
positional OM (Petersen et al., 2013; Liu et al., 2020; Luo et al., 2021).
Luo et al. (2021), based on the fluorescence variation from bituminite to
VLP, similar morphology and texture between bituminite and VLP, and
their co-evolution behavior during artificial thermal maturation exper-
iments, concluded that VLP in the Proterozoic Xiamaling shales is a
biodegradation product of bituminite. On the other hand, they suggested
that VLP in the Cambrian Alum shales is derived from akinete cells on
the basis of their spherical or oval shape, rigidity, and occurrence.

In this study, VLPs (average 6.8 vol%) are minor constituents of OM
in the studied shales (Figs. 5, 11). We speculate that VLPs in the Wufeng-
Longmaxi Shale are of syndepositional origin, with irregular ones being
derived from graptolite fragments and round ones from acritarchs. The
former assumption is supported by abundance of graptolites in this black
shale succession (Table 2; Luo et al., 2016, 2017, 2018; Wang et al.,
2019, 2020, 2021), the observation that the average reflectance of VLPs
is close to that of graptolites (Fig. 12), and that the histograms of VLR,
are similar to those of GR,, (Fig. 13). In addition, some VLPs have what
appear to be appendices, suggestive of a graptolite origin (Fig. 14).
Petersen et al. (2013), based on the identical reflectance distribution of
graptolites and VLPs, suggested that VLPs in Lower Paleozoic shales in
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southern Scandinavia are fragments of graptolites that have lost recog-
nizable morphology. The round VLPs are probably derived from acri-
tarchs as they have similar morphology and reflectance values (Fig. 15).
The reflectance of VLPs cannot be compared with that of acritarchs
statistically because acritarchs are rare (average 0.3 vol%) in the studied
samples. Solid bitumen has been reported to fill fossil cavities, such as
foramnifera tests, and OM infills generally show organic pores (Loucks
and Reed, 2014; Milliken et al., 2014; Schieber et al., 2016). In this
study, VLPs in siliceous shells are generally not porous (Fig. 11) and do
not contain mineral inclusions as observed in pyrobitumen (Fig. 8),
suggesting syndepositional origin.

6. Conclusions

Detailed organic petrographic and SEM observations of OM in the
Wufeng-Longmaxi Shale, Sichuan Basin revealed the origin of OM and
the control of maceral type on the development of OM-hosted pores in
this over-mature black shale succession. OM in the Wufeng-Longmaxi
Shale consists of pyrobitumen, graptolites, VLPs, and acritarchs, with
pyrobitumen and graptolites being the dominant OM (> 90 vol% of total
OM based on point counting). Oil-prone alginite does not exist in the
Wufeng-Longmaxi Shale due to hydrocarbon generation. Pyrobitumen
occurs as matrix bitumen in the fine-grained matrix as well as within
clusters of diagenetic clay minerals and in fossil cavities. Maceral
composition has an important control on the development of OM-hosted
pores. Organic pores are primarily hosted by pyrobitumen and are rare
in other macerals. VLPs are minor in the Wufeng-Longmaxi Shale and
are of syndepositional origin. They are likely derived from graptolite
fragments without diagnostic features or acritarchs, as suggested by
similar average reflectance, reflectance distribution, and morphology.
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