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Identifying Organic Matter (OM) Types and Characterizing OM Pores
in the Wufeng—Longmaxi Shales
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ABSTRACT: Organic matter (OM) pores are considered to be an important pore type in N eoailng R
the Ordovician Wufeng—Silurian Longmaxi Formation shales in the Sichuan Basin, China, | 3 MY
because they have a high capacity to store natural gas. However, to the best of our £ |4 Y e
knowledge, research on the characterization and quantitation of different OM pore " dovsoped
characteristics is insufficient. In this study, detailed optical microscope and scanning
electron microscope (SEM) observations and the pores/particles and cracks analysis system
(PCAS) were applied to identify the OM pores and obtain quantitative information on :
pores such as pore size, surface porosity, form factor, and probability entropy. Moreover, ©
CO, and N, adsorption experiments were performed to study the properties of pores for
samples with different TOC and mineral compositions. The results show the following. (1)
Pyrobitumen and kerogen can be distinguished under an optical microscope and SEM; the & : .
former can be further divided into pyrobitumen without a fixed shape and pyrobitumen ] o 5 e

with a certain shape, and the latter contains algal fragments, bacteria-like aggregates, s

graptolite, and micrinite. The overwhelming number of SEM-visible OM pores are mainly

observed in pyrobitumen without a fixed shape, whereas pores in other OM types are complex. A PCAS analysis showed that meso-
macropores are developed in pyrobitumen without a fixed shape, whereas pores in algal fragments and bacterial-like aggregates are
mainly mesopores. (2) Quartz-rich brittle shale will provide more visible SEM pores compared to clay-rich ductile shale, and
carbonates are unfavorable for pore development because they can block the pore as cements. Moreover, the rigid mineral
framework, including that constructed by quartz recrystallization and pyrite cementation, and the pore-fluid pressure are favorable
for the development of OM pores. (3) Adsorption experiments showed that pyrobitumen makes a great contribution to pore
development, including micropores and meso-/macropores. Finally, we propose that the pore parameters (e.g., pore diameter, pore
form factor, and deformation) of pyrobitumen without a fixed shape may characterize the enrichment condition of shale gas.
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1. INTRODUCTION terms of OM pore structure, great attention have been
. 17-26 . . 17,27,28
Shale gas is a clean and efficient unconventional natural gas given; however, some key issues remain unresolved.
: . S . T-3 First, the identification of the types of OM is still
resource, which has attracted extensive attention in China. ) i
As a gas reservoir, shale is characterized by low porosity and contentious. Some researchers rep_o?ted that prlr.nary k.erogen
4,5 macerals such as algae and alginite are dominant in the

ultralow permeability due to its micro-/nanopore structures.
Organic matter (OM) pores in shales are believed to store
most of the shale gas in a shale formation due to the facts that
(1) OM pores have higher porosity compared to other pore
types and provide more pore spaces for gas storage’ and (2)
they show a higher adsorption capacity for gases and can
provide abundant binding sites.” Therefore, OM pores have
received extensive attention in recent years.

The Wufeng—Longmaxi shale is one of the largest reservoirs
for shale gas exploration and development in China, which is

Wufeng—Longmaxi shale,”” whereas others suggested that the
secondary solid bitumen is dominant.’>*" For example, Chen
et al.”? divided the OM of Wufeng—Longmaxi shale into
shaped OM and amorphous OM based on whether the OM
has a regular shape. The shaped OM is mainly graptolite, while
amorphous OM is mostly composed of bitumen and micrinite.
Yang et al.” suggested that OM in Wufeng—Longmaxi shale is
predominately pyrobitumen, followed by graptolite and

mainly developed in the Sichuan Basin. The shale gas Received: July 17, 2022
production in the Sichuan Basin was already above 230 X Accepted: October 7, 2022
10®° m?® by the end of 2021. Numerous studies have been Published: October 17, 2022

conducted on the Wufeng—Longmaxi shales from the aspects

of depositional conditions,”” physical properties,”'” shale gas
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and pore structure characteristics. In

accumulation,
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Figure 1. Location of shale samples and vertical profiles of the Wufeng—Longmaxi shale.

Table 1. TOC Content, Vitrinite Reflectance (ER,), and Mineral Composition of Samples

mineral composition (%)

clay minerals (%)

well sample  depth (m) TOC (%) ER, (%) quartz feldspar
CS#1 Cl-1 7137 2.32 44 S
Cl1-2 7143 4.2 2.09 71 3
Cl1-3 7149 4.36 2.14 75 2
Z#1 Z1-1 3866.9 0.97 40 S
71-2 3877.09 2.25 2.2 35 9
Z1-3 3887.76 2.36 2.37 48 12
71-4 3891.72 4.40 2.45 68 4
Z1-5 38974 3.71 2.33 67 S
NX#1 NI1-1 3933.75 3.16 2.67 33 1
N1-2 3934.17 4.4 2.62 68 3
N1-3 3944.4 1.82 2.73 44 2
H#1 Hi1-1 4114 3.27 2.64 53.5 7.7
H1-2 4127.6 2.05 2.70 34 5.7
W1 Wi-1 2549.5 2.65 2.12 35 S
W1-2 2577 2.69 2.16 31 0
J#1 J1-1 2570 248 3.0 56 7
J# 121 2586 4.58 465 12
D#1 DI1-1 3695.76 2.93 2.87 42 3

carbonate  pyrite clay  illite  chlorite illite/smectite mixed layer
21 3 23
12 2 N
11 2
0 3 52
17 2 37
13 2 25 73 23 4
S S 18 78 17 S
3 6 19 80 15 N
63 1 2
9 3 S 79 18 3
36 2 8 65 31 4
6.6 4.1 28.1
26.9 LS 31.9
31 1 28 74 20 6
65 2 2
8 3 32
S.5 2 24
38 S 12 82 9 9

micrinite. Most likely, the difficulty in identifying OM types
and related OM pores may be attributed to the lack of
appropriate methods and samples. In addition, controversy
remains with regard to the development and distribution of
OM pores. For instance, some researchers pointed out that
nearly no pores are observed in graptolites for Wufeng—

38812

Longmaxi shale,”’ whereas others suggested that graptolites
contain abundant OM pores.*”

Second, there is very limited research on a quantitative
characterization of OM pores.”””’ In general, SEM observa-
tions can only probe into pores with a pore diameter larger
than 5 nm."”** However, there are significant numbers of

https://doi.org/10.1021/acsomega.2c04497
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studies which revealed that OM pores that are smaller than §
nm are abundant. Therefore, more techniques such as gas
adsorption experiments should be applied to investigate small
pores in order to have a better understanding of porosity and
permeability in shales.

In this study, our objective is to comprehensively investigate
OM types and quantitatively characterize the typical OM pores
in Wufeng—Longmaxi shale. The ultimate idea is to have a
better understanding of the pore information, which can then
be used to indicate gas storage in the Sichuan Basin.

2. GEOLOGICAL SETTING

The Sichuan basin is situated at the northwest margin of the
Yangtze Platform with an area of 18 X 10* km?, which is
surrounded by the Micangshan—Dabashan thrust fold belts,
Jiangnan—Xuefengshan thrust fold belts, Kangdian thrust fold
belts, and Songpan—Ganzi fold belts (Figure 1). During the
period from the late Ordovician to early Silurian, the Sichuan
Basin was affected by the force of Caledonian movement and
several uplifts such as a Chuanzhong uplift, Qianzhong uplift,
and Jiangnan—Xuefeng uplift were formed.”> During this
period, relatively low energy and anoxic conditions were
dominant in the southeast Sichuan Basin with the rise of sea
level, which resulted in the deposition of thick, organic-rich
Wufeng—Longmaxi shale in this region.%’37 The Wufeng—
Longmaxi shale is located between the Upper Ordovician
Wufeng Formation and the Lower Silurian Longmaxi
Formation, which was deposited in deep-water shelf environ-
ment with a thickness ranging from 10 m to over 70 m’®
(Figure 1). The Wufeng—Longmaxi shale in the southeast
Sichuan Basin is mainly composed of black carbonaceous and
siliceous shale with abundance graptolites such as Amplex-
ograptus, Diceratograptus, Dicellograptus, Tangyagraptus, etc.”’
Note that the Wufeng—Longmaxi shale belongs to a set of
shales distributed all over the world in the Silurian period. The
early Silurian shale is called “hot shale” in North Africa and the
Middle East, which is characterized by high TOC content, high
y-ray (GR) value, and abundant graptolites.”

3. SAMPLES AND EXPERIMENTS

3.1. Samples. A total of 18 samples from the Wufeng—
Longmaxi Formation were collected from eight wells in the
Sichuan Basin (Figure 1). Detailed information on these
samples is given in Table 1. Note that our samples selected are
all overmature, with ER values ranging from 2.0% to 3.0%, and
the reason for selecting these samples for this study is to
determine the relationship between OM maturity and the OM
pore development in the Wufeng—Longmaxi shale.*’

3.2. Experiments. 3.2.1. OM Geochemistry and Mineral
Composition Analysis. The geochemistry of OM and the
mineral composition were analyzed at the Keyuan Engineering
Technology Testing Center of Sichuan Province, China. TOC
analysis was performed by using a LECO C230 Elemental
Analyzer according to the standard GB/T19145-2003, whereas
OM maturity of shale was obtained by testing the bitumen
reflectance using a MPV-3 microphotometer according to the
standard SY/T 5124-2012. Since the Wufeng—Longmaxi shale
has no input of terrestrial organisms (vitrinite), the solid
bitumen/pyrobitumen reflectance (BR,) can be converted to
the equivalent vitrinite reflectance (ER,) using the formula
ER, = 0.4 + 0.618 X BR..*" The mineral composition was
determined by using a D8 Advance X-ray diffractometer.

3.2.2. Field Emission Scanning Electron Microscopy (FE-
SEM). FE-SEM analyses were conducted on 15 samples. Each
sample was cut to a size of 8 X 8 X 3 mm® and wet-polished
with ultrathin emery paper with sizes of 30, 15, 9, 6, 3, and 1
pum in sequence in order to reduce the surface roughness for
better argon ion milling. The purpose of this step was to ensure
that the surface of the samples is parallel to the bedding. FE-
SEM analysis was conducted using a Hitachi su8220 scanning
electron microscope equipped with a second electron detector
and a backscattered electron detector at the South China
University of Technology, Guangzhou, China. Before obser-
vation of the areas of interest, the surface of the samples needs
to be coated with a layer of platinum to improve conductivity.
A total of 80—100 SEM images for each sample were captured
at magnifications of X10k, X25k, X50k, and X100k.

3.2.3. N, and CO, adsorption. A combination of N, and
CO, adsorption experiments was performed to investigate the
pore size distribution. In theory, N, adsorption is applied to
characterize meso-/macropores, whereas CO, adsorption is
suitable for the characterization of micropores.*”~**

A low-pressure N, adsorption experiment was conducted
using a Quadrasorb SI Automated Surface Area & Pore Size
Analyzer in the State Key Laboratory of Oil and Gas Reservoir
Geology and Exploitation, Chengdu University of Technology.
One to two grams of samples of 60—80 mesh size were
weighed and then outgassed by a Flovac Degasser at 110 °C
for over 12 h to remove the bound water in shale. The
adsorption—desorption isotherm curves were obtained at
relative pressures (P/P,) ranging from 0.01 to 0.99S. In this
study, the quenched solid density functional theory (QSDFT)
model was used to provide information on pore size ranging
from approximately 0.9 to 30 nm.*

CO, adsorption was conducted at relative pressures (P/P,)
ranging from 0.0004 to 0.032 at 273 K using an ASAP 2000
HD88 Analyzer at the Beijing Center for Physical & Chemical
Analysis. The DFT model was applied to provide the
information on pore sizes ranging from 0.3 to 1.4 nm.

3.3. PCAS Image Processing Method. To quantitatively
characterize the parameters of pore structure, including pore
size, pore surface porosity, and pore morphology, PCAS was
applied to process SEM images. First and foremost, selecting
an appropriate threshold is the key when using PCAS to
process SEM images. Our principle is to adjust the threshold
so that the pores are completely filled. It is noted that the
resolution of SEM images is about 5 nm; thus the pores less
than 5 nm are not seen. The related definition and explanation
of geometric parameters in PCAS have been given by Liu et
al.® and Jiao et al’**® Among these parameters, the form
factor can indicate the regularity of pores, a form factor of 1.0
represents a perfect circle, whereas a form factor of 0.75
represents a square in 2D images. An increase in the form
factor can decrease the complexity of the pore boundary.*®
Probability entropy can describe the directionality of pores in
2D space. The value of probability entropy ranges from 0 to 1,
and a higher value of probability entropy indicates a more
random direction for pores.

4. RESULTS

4.1. Geochemistry and Mineral Composition. The
TOC contents of our samples are relatively high (Table 1),
ranging from 0.97% to 4.58% with an average of 3.03%. The
high OM maturity in our samples (ER, > 2.0%), indicates that
these shales are highly overmature. These overmature samples
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Figure 2. Characteristics of OM of the Wufeng—Longmaxi shale under an optical microscope and SEM. (a) Brownish black pyrobitumen, sample
D1-1. (b) Spongy pores are developed in crumby-shaped pyrobitumen, sample H1-1. (c) Spongy pores are developed in pyrobitumen with a
certain shape, sample H1-1. (d) Spherical-shaped pyrobitumen is filled in a fossil cavity, sample J2-1. (e) Bubble pores are developed in
pyrobitumen, sample J1-1. (f) Bubble pores are developed in pyrobitumen filled in interclay, sample C1-2. (g) Spongy pores are developed in pyrite
framboids, sample H1-1. (h) Superlarge bubble pores form a microfracture, sample C1-2. (i) microfractures are developed between spherical

pyrobitumen and the surrounding minerals.

mainly consist of quartz (31-75%) and clay minerals (2—
52%), followed by carbonate minerals (0—63%), and pyrite
(1—6%). For clay minerals, illite is dominant, followed by
chlorite and a small amount of an illilite/smectite mixed layer
(Table 1).

4.2. Identification of OM Types. The kerogens in
Wufeng—Longmaxi shales have endured strong physiochemical
changes, which makes it difficult to differentiate kerogen
components or solid bitumen. However, some researchers have
made useful attempts. For example, Loucks and Reed"’
proposed several petrographic criteria to identify kerogen
and solid bitumen, and abundant spongy pores are commonly
observed in solid bitumen. Zhang et al.”” identified algal,
bacteria-like aggregates and spherical kerogen from the
Wufeng—Longmaxi shale. From a comprehensive review of
the published literature, two kinds of pyrobitumen and four
kinds of kerogen were determined in this study.

4.2.1. Pyrobitumen and Related Pores. Pyrobitumen is the
most common OM type in the Wufeng—Longmaxi shale. Solid
bitumen is believed to be a residual product of kerogen after
hydrocarbon generation, which contains a partially insoluble
fraction, whereas pyrobitumen generally refers to the largely
insoluble residue after the transformation of retained oil to
gas.”® There have been some debates about the boundary of
bitumen and pyrobitumen;** we tend to believe the view that
most of the higher-molecular-weight retained oil has been
transferred to gas at a maturity of ER, exceeding 1.5%, and
bitumen is insoluble at this stage.34 Therefore, solid bitumen is
classified as pyrobitumen in our samples.

Under an optical microscope, pyrobitumen is generally
brownish black (Figure 2a). Compared with an optical

microscope, FE-SEM has a higher resolution; thus, pyrobitu-
men can be more easily identified in SEM images. Generally,
solid bitumen has no specific shape and fills in the interpartical
(Inter P) pores between minerals and/or fossil cavities under
SEM.**” SEM observations found two kinds of pyrobitumen
types in the Wufeng—Longmaxi shale. (1) Pyrobitumen with
certain shape: this type of pyrobitumen is crumby and
spherical-shaped (Figure 2b—d), which fills in dissolution
pores and fossil cavities. (2) Pyrobitumen with no fixed shape:
it mainly fills in the Inter P pores between granular minerals
(Figure 2e), interclay pores (Figure 2f), and intercrystal pores
(Figure 2g).

Pores are very common in pyrobitumen without a fixed
shape. Based on the pore characteristics, bubbles and spongy
pores are observed (Figure 2b,c). Bubble pores are nearly
circular or elliptical, which generally have large pore sizes
ranging from 100 to 800 nm (Figure 2b,c). The size of some
superlarge bubble pores can reach to 1000 nm and even form
microfractures occasionally (Figure 2eh). These superlarge
pores are usually suggested to be formed by the merging of
multiple subpores.*” These subpores are interconnected in 3D
space resulting from the bitumen cracking to oil and gas,47
which can effectively enhance the pore connectivity. Spongy
pores are generally smaller (10—200 nm) compared to bubble
pores and have rounded and subrounded shapes (Figure 2b,e).
It is suggested that spongy pores are formed as a result of gas
generation at high stages of maturation.*”

Two types of pyrobitumen with a certain shape can be
observed in our samples: crumby-shaped (Figure 2b,c) and
spherical-shaped (Figure 2d,i). Crumby-shaped pyrobitumen
has a clear edge in contact with the surrounding minerals, and
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Figure 3. SEM images of kerogen of the Wufeng—Longmaxi shales. (a) Filament-shaped algal, sample Z1-1. (b) Floccule-shaped algal, sample W1-
1. (c) Type II of algal has a unique shape with a length longer than 10 ym, sample Z1-2. (d, e) No obvious pores are developed in algal with unique
shale, sample Z1-2. (f) Abundant quasi-spherical bacteria (pellets) are developed in bacteria-like aggregates and mesopores are observed, sample
N1-3. (g) Large numbers of graptolites are observed in a hand specimen sample, sample W1-1. (h) Graptolite is black under an optical microscope
with sharp outlines and a smooth surface, sample D1-1. (i) A graptolite fragment is observed in an SEM image, sample N1-3. (j, k) nearly no or
very few OM pores are observed in graptolite fragments, sample W1-2. (1) Micrinite coexists with pyrobitumen characterized by a subrounded

shape, sample C1-3.

the OM particles have a relatively small particle size (<10 ym).
A large number of spongy pores are observed in crumby-
shaped pyrobitumen with sizes ranging from 10 to 80 nm,
whereas there are few bubble pores in them. Spherical
pyrobitumen is only preserved in a few samples. Compared
with the other pyrobitumen, spherical pyrobitumen is
characterized as follows. (a) The shape of spherical pyrobitu-
men is spherical or hemispherical under SEM (Figure 2d,i)
with diameters ranging from 4 to 8 um. Previous studies
suggested that the spherical OM may be algae cystocarp,
acritarchs, and single-cell planktonic algae,29'50 but we tend to
believe that this spherical OM is pyrobitumen due to its
circular shape. (b) The spherical bitumen has a typical two-
layer structure although some of it is not obvious. OM in the
core is homogeneous, whereas the outlines of this OM have a
clear boundary in contact with the surrounding minerals
(Figure 2d,e). In addition, some obvious differences are
observed between the core and periphery of spherical
pyrobitumen. Specifically, bubble pores are developed in the
periphery, whereas no obvious pore is observed in the core of
this OM (Figure 2i). Pores in the periphery of the spherical
pyrobitumen are nonuniform, characterized by a bubble shape.

After careful observation, we tend to believe that the core and
periphery of this OM are pyrobitumen. The reasons are that
(1) the outline of peripheral pyrobitumen retains a trace of
hydrocarbon migration (Figure 2d,i) and (2) the circular shape
of this OM particle may indicate that the circular space
originates from a fossil cavity before oil filling.

4.2.2. Types of Kerogen and Related Pores. 4.2.2.1. Algal
Fragments. At least two types of algal fragments are identified
in our samples. The first type is characterized by filament or
floccules shapes as seen under an optical microscope and SEM
(Figure 3a,b), and no obvious pore is observed within them.
The biological origin of these algal fragments are still unclear.
The other type of algal fragment is different from the first type
in two aspects. First, it has a unique shape with a length
generally greater than 10 ym (most samples have lengths up to
20 pm) (Figure 3c—e). Second, very few pores are observed in
these samples. Since a clear boundary between surrounding
minerals and this OM particle and secondary enlargement of
surrounding quartz are not observed, we tend to believe that
this type of algal fragment is kerogen rather than pyrobitumen.
In addition, the size of these kerogens are usually more than 20
pum; if they are the Inter P pores filled by bitumen, the pores
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Table 2. Relative Content of Different OM Types”

pyrobitumen (%)

Well without fixed shape with certain shape algal fragments (%) bacteria-like aggregates (%) graptolites (%) micrinites (%)
CS#1 (82-95)/88.5 (0-5)/2.5 (0-5)/2.5 0 0 (5-8)/6.5
Z#1 (55—-85)/67.5 (0-5)/2 (10—40)/23.75 (0-15)/5.75 0 (2-5)/4.25
NX#1 (45—80)/63.33 (0-8)/1.5 (15-30)/23.3 (0-20)/6.67 (2-10)/5.67 (0-3)/1
H#1 (60-75)/67.5 (0-5)/1.67 (5-35)/20 (0-5)/2.5 (5-8)/6.5 (0-10)/5
Wi (53-75)/64 (0-5)/2.5 (10—40)/25 (0-2)/1 (0-5)/2 5

“The relative content of graptolites may be underestimated; the slant represents not detected.

are hardly preserved during compaction in the diagenetic stage.
The clear outlines of algal fragments, very few pores within
them, and the size of generally more than 20 pm are typical
features that differ from other OM types.

4.2.2.2. Bacteria-Like Aggregates. They comprise the
aggregates of abundant quasi-spherical bacteria (pellets)
(Figure 3f). Pellets can be identified in SEM images (Figure
3f) with a size generally ranging from 100 to 200 nm. Because
of strong compaction, pellets are merged together and it is
difficult to distinguish bacteria-like aggregates from pyrobitu-
men and algal fragments, especially in low-resolution SEM
images. However, we suggest that the bacteria-like aggregates
can be distinguished from other OM types in two aspects.
First, the surfaces of the bacteria-like aggregates under an SEM
are not smooth and many burrs exist (Figure 3f). Second, they
consist of many rounded or subrounded pellets as seen in high-
resolution SEM images (Figure 3f). A large number of pores
are observed between pellets, which are characterized by
irregular and angular shapes with sizes ranging from S to 30
nm. Most pores in bacteria-like aggregates have no direction,
which is obviously different from the bubble and spongy pores
in pyrobitumen.

4.2.2.3. Graptolites. Graptolites are the most common OM
type in our hand specimen samples (Figure 3g), which are
considered as the markers for the Wufeng—Longmaxi shale.””
They mainly exist in the form of flattened carbonaceous films
that are parallel to the beddings,”’ which are black under
optical an microscope with sharp outlines and a smooth surface
(Figure 3h). It is difficult to observe an entire graptolite under
an SEM because they mainly exist in fragments with a size
usually ranging from 1 to 3 ym under an SEM (Figure 3i). We
also observed a close relationship between graptolite and
pyrite/pyrobitumen (Figure 3j), which was also found in
previous research.”” Nearly no or very few OM pores were
observed in graptolites (Figure 3ik), which could be attributed
to the chemical properties of graptolites that mainly consist of
aromatic compounds with aliphatic groups, making graptolites
similar to type III kerogen.52 However, there is still a
possibility that micropores can be developed in graptolites.
This is because graptolite tends to generate gas due to its
chemistry being similar to that of type III kerogen, and some
pores that are invisible under SEM may exist in H-poor humic
coals.”

4.2.2.4. Micrinite. 1t is very difficult to distinguish micrinite
from microcrystalline quartz under an optical microscope.*”
Micrinite is considered as the residue of bitumen after the oil-
prone kerogen macerals have been converted to hydrocarbons;
thus, micrinite is a common OM type when shales are highly
overmature. In our samples, micrinite usually coexists with
pyrobitumen (Figure 31), which is characterized by a
subrounded shape with a size generally ranging from 100 to
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400 nm. It is noted that no pores are observed in micrinite

(Figure 31).

5. DISCUSSION

5.1. Pore Development in Typical OM. According to
SEM observation, the development of pores within OM is
different. To better reflect the pore development in different
types of OM, a PCAS analysis was applied to quantitatively
characterize the property of pores for typical OM particles
(Table 2). It has been calculated that more than 90% of
pyrobitumen is pyrobitumen without a fixed shape by using an
area estimation method. Taking a pyrobutumen without a fixed
shape as an example (Figure 4a), it has a high surface porosity

Loum

Figure 4. Typical OM types (left) and corresponding processing
images (right) by PCAS analysis.

of up to 8.21%. The high values of the form factor (0.65) and
probability entropy (0.978) indicate that the shape of this
pyrobitumen is regular without directionality, providing a good
condition for shale gas preservation.Pyrobitumen without a
fixed shape hosts pores with sizes ranging from 6 to 78 nm
(averaging 17 nm), which mostly range from 2 to 30 nm
(Figure S). Within the above range, the frequency of pores
decreased with an increase in pore diameter (Figure S). An
algal fragment is the secondmost abundant OM type. Nearly
no or few pores are observed in algal fragments (Figure 4b).
Figure 4b shows a typical algal fragment observed in our
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sample, and a PCAS analysis demonstrates that the surface
porosity of an algal fragment can be as low as 0.72%. The high
values of the form factor (0.68) and probability entropy
(0.928) imply that pores in the algal fragment are regular
without directionality, which could possibly be due to the small
pore size of pores in the algal fragment. A PCAS analysis shows
that the pores in an algal fragment are small, ranging from 7 to
16 nm with an average size of 10 nm (Figure S). Bacteria-like
aggregates are not common in the Wufeng—Longmaxi shales,
which only comprise less than 5% of OM. A PCAS analysis
demonstrates that the surface porosity of bacteria-like
aggregates can reach 2.0% (Figure 4c). The pore size of
bacteria-like aggregate hosted pores is usually small, mainly
distributed in the range of 7—45 nm with an average of 14 nm.
The high values of the form factor (0.68) and probability
entropy (0.967) indicate that the pores in bacteria-like
aggregate hosted pores are regular without directionality.
Within the mesopore range, the frequency of these pores
increase first and then decrease with an increase in pore
diameter (Figure S). It is noted that pores developed in
pyrobitumen without a fixed shape are obviously different in
the samples, which can be attributed to the influence of
different mineral compositions (see discussion in section 5.2).

In the previous section, FE-SEM observations and a PCAS
analysis were used to investigate the visible pores in OM.
However, the development pores with a size less than 5 nm
(invisible pores) in shales cannot be detected. Therefore, CO,
and N, adsorption experiments were conducted to study the
pore characteristics of shales with different OM types. The
relative content of different OM types was calculated by using

an area estimation method (Table 2), which shows that
pyrobitumen without a fixed shape is the dominant OM type
and algal fragment is the second most abundant in the
Wufeng—Longmaxi shale. The results of CO, and N,
adsorption are given in Table 3.

Our results show that OM is beneficial for the development
of micropores and meso-/macropores in shales (Figure 6a,d).
Specifically, a weak to moderate positive correlation of TOC,
pyrobitumen without a fixed shape, and SSA and PV of
micropores is observed (Figure 6a,b), indicating that pyrobitu-
men without a fixed shape may contain many micropores.
Moreover, TOC and pyrobitumen without a fixed shape are
weakly to moderately positively correlated with meso-/
macropores (Figure 6c,d), which supports our observation
that large numbers of mesopores are developed in pyrobitu-
men without a fixed shape. It is noted that there is a moderate
negative correlation between carbonates and the SSA as well as
PV of pores including micropores and meso-macropores
(Figure 6e-g), which means that carbonates are unfavorable
for pore development. This is because carbonates such as
calcite and dolomite are cements in the Wufeng—Longmaxi
shales, which can block the pore space, resulting in a decrease
of porosity. The significant positive correlation of quartz and
TOC (Figure 6i) suggests that most quartz has an organic
origin, which is consistent with previous research.”” In
addition, clay is moderately positively correlated with SSA of
meso-/macropores (Figure 6g), confirming that meso-/macro-
pores are also developed in clays.

5.2. Effect of Mineralogy on OM Pores. In the previous
section, we found that pyrobitumen without a fixed shape
hosted pores is the most common pore type. Therefore, an
investigation of OM pores should focus on the pyrobitumen
without a fixed shape rather than other OM types, and the
presence or absence of pores in pyrobitumen without a fixed
shape can be evaluated based on the pore heterogeneity
resulting from the variations of mineral composition. In a
previous study, Curtis et al.* observed that the distance
between porous OM and nonporous OM is a few micrometers.
The reason for this is that the porous OM is protected by rigid
minerals such as quartz. A similar result has also been reported
by other researchers.”**** For example, Zhang et al.”’
suggested that silica-rich shale contains abundant OM-hosted
pores compared to clay-rich shale.

A holistic understanding shows that pyrobitumen without a
fixed shape hosted pores are prone to be preserved if they infill
the interparticle space surroundings by quartz. At this point,

Table 3. Analysis Results of CO, and N, Adsorption

well sample TOC (%) pyrobitumen with no fixed shape (%)
CS#1 Cl1-2 4.20 3.44
C1-3 4.36 4.14
7#1 71-2 2.25 1.24
71-3 2.36 2.01
71-4 4.40 2.86
Z1-5 3.71 241
NX#1 NI1-1 3.16 2.05
N1-2 4.40 3.52
N1-3 1.82 0.82

CO, adsorption N, adsorption

algal fragments (%)  SSA (m?*/g) PV (cm®/g) SSA (m*/g) PV (cm’/g)
0.21 15.79 0.0021 13.58 0.0358
0.00 15.76 0.0024 13.41 0.0356
0.90 13.88 0.0021 17.20 0.0120
0.24 12.85 0.0019 15.09 0.0100
1.10 18.07 0.0031 19.73 0.0100
0.74 18.34 0.0031 18.55 0.0080
0.95 10.13 0.0016 9.59 0.0060
0.66 13.64 0.0022 13.90 0.0100
0.46 8.35 0.0012 10.27 0.0070
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Figure 6. Correlation of OM types and SSA and PV of micro-/meso-/macropores of samples.

we present evidence based on the SEM images in order to
focus on the underlying geological reasons and better assess
the enrichment capacity for shale gas.

Four shale samples, including two quartz-rich samples (Z1-5
and H1-1) and two clay-rich samples (Z1-2 and H1-2), were
selected to determine the impact of mineralogy on OM pore
development (Table 1). The burial depth and OM maturity of
the samples of the two groups (Z1-2, Z1-5 and H1-1, H1-2)
are comparable, since the four samples are highly overmature.
SEM images of the four samples are shown in Figure 7. Each
sample includes (1) a low-magnification image that gives a
general view of OM and its surrounding minerals, (2) an
energy dispersive X-ray spectrum (EDS) to determine their
mineralogy by the abundance of several major elements (e.g.,
C, O, Si, Al, Mg, Ca), and (3) a higher magnification (Xx100k
and above) view of the OM to show possible pores in
pyrobitumen without a fixed shape.

Figure 7a demonstrates a low-magnification view of a sample
showing the relationship of OM and the surrounding minerals.
Area scanning by EDS reveals that the surrounding minerals
are mainly clays (Figure 7b). Figure 7c shows that only small
amounts of pores are observed in this OM particle. As a
comparison, more pores in pyrobitumen without a fixed shape
are observed in quartz-rich shale (Figure 7d—f).

Figure 7gl shows SEM images from a quartz-rich sample
(53.5% quartz, H1-1) and a quartz-poorer sample (34%,
quartz, H1-2); the two samples have similar clay mineral
contents (Table 1). Note that abundant bubble pores are
observed in the quartz-rich sample (Figure 6¢c) whereas very
few pores are observed in the quartz-poorer sample (Figure
71). These indicate that quartz is conductive to the
preservation of pores in pyrobitumen without a fixed shape.

A PCAS analysis (Table 4) shows that pyrobitumen without
a fixed shape in quartz-rich shale samples contains significantly
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more pores compared to those in clay-rich shale samples. In
other words, quartz-rich brittle shale will provide more visible
SEM pores in pyrobitumen without a fixed shape compared to
clay-rich ductile shale. Meantime, the lower value of form
factor and probability entropy for clay-rich shale may imply
that pores in pyrobitumen without a fixed shape in clay-rich
shale are prone to be compacted and show more directions.
It should be noted that brittle minerals such as quartz, pyrite,
and calcite can promote the preservation of pores in
pyrobitumen without a fixed shape in different ways. Quartz
can work as a rigid framework which effectively slows down the
compaction and facilitates the preservation of pores.”> When
pyrobitumen fills into the interpartical spaces in quartz, pores
in pyrobitumen can be well preserved. At the contact line of
pyrobitumen and quartz, the pyrobitumen-hosted pores can be
easily compacted and have an elongated shape (Figure 8a).
Similarly to quartz, pyrite can also promote the preservation of
pores. Pyrobitumen-hosted pores are widespread in pyrite
framboids (Figure 8b). In addition, pyrobitmen within clay
minerals also contains abundant bubble and spongy pores
(Figure 8c). Carbonate minerals such as calcite and dolomite
are considered to be brittle minerals, which are favorable for
postfracturing;*>*® however, the relationship between pyrobi-
tumen-hosted pores and carbonates is unclear. Figure 8d shows
a low-magnification view of a calcite-rich sample displaying the
association between OM and surrounding minerals. Figure 8e
shows that the OM particles are located at the right side of
quartz and left side of calcite, and we observed that more pores
are developed in pyrobitumen close to quartz compared with
those close to calcite. Therefore, it seems reasonable to
conclude that quartz is better for the preservation of
pyrobitumen-hosted pores compared to carbonates.
Therefore, we conclude that the shale mineral composition
has an effect on the preservation of pyrobitumen-hosted pores
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Figure 7. SEM images for clay-rich samples and quartz-rich samples with EDS area scans for the determination of the chemical composition of
minerals. (a—c) Only a small amount of pores is observed in OM particles for clay-rich shale, sample Z1-2. (d—f) A large number of spongy pores
are developed in pyrobitumen withouta fixed shape in quartz-rich shale, sample Z1-S. (g—i) Bubble pores are observed in quartz-rich shale, sample
HI1-1. (j=1) Very few pores are observed in a quartz-poorer sample, sample H1-2.

Table 4. PCAS Analysis Results of Four Samples

plane porosity ~ pore form  probability pore

sample  in OM (%)  number factor  entropy development

71-2 0.14 23 0.56 0.797 few spongy
pores

Z1-5 2.6 284 0.61 0.956 many spongy
pores

HI1-1 4.12 396 0.60 0.966 large number of
bubble pores

H1-2 nearly no pores

and quartz-rich brittle shale contains more visible pores in
pyrobitumen compared to clay-rich ductile shale.

5.4. Preservation of OM Pores in Wufeng—Longmaxi
Shale. SEM observations show that the OM type is
fundamental in deciding the OM pore development. Pores in
kerogen are controlled by a combination of the property of
OM, hydrocarbon expulsion efficiency ,and condensed degree,
whereas pores in pyrobitumen are dominated by OM
maturity.”” OM maturity has an obvious impact on the
formation, development, evolution, and preservation of OM
pores. In general, OM pores begin to generate when OM
maturity is in the mature stage (R, ranging from 0.7% to
0.9%). With an increase in OM maturity, OM pores increase
significantly and peak in the stage of R, at 2.2%, and then OM
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pores decrease gradually. When R, reaches 3.5%, the
carbonization of OM occurs, resulting in a sharp decrease or
even disappearance of OM pores.”’ > An R, value of 4.0% is
believed to be the maturity threshold of OM pore extinction.>’
The R, value of Wufeng—Longmaxi shale in the Sichuan Basin
usually ranges from 2.0% to 3.0%,”°" indicating that OM
maturity is favorable for the formation and development of
OM pores. In other words, OM maturity of Wufeng—
Longmaxi shale is not the main factor influencing the
difference in OM pore development in our samples.

The Wufeng—Longmaxi shale experienced mechanical
compaction, pyrite cementation, and biologic opal recrystalli-
zation during early diagenesis, montmorillonite illitization,
quartz overgrowth, and hydrocarbon generation during middle
digenesis, and ankerite replacement and liquid hydrocarbon
thermal cracking during late diagenesis.éo’62 An R, value higher
than 2.0% and illite crystallinity ranging from 0.27 to 0.37
indicates that the Wufeng—Longmaxi shale is in late dia-
genesis.””*" The diagenesis and changes in mineral composi-
tion induced by diagenesis will have an obvious impact on OM
pore development.

The reduction of OM pores in the Wufeng—Longmaxi shale
is due to the polycondensation of OM and compaction. The
former is characterized by OM pores disappearing gradually
with an R, value higher than 3.5%, which is considered as the
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Figure 8. Relationship between pyrobitumen-hosted pores and the surrounding minerals. (a) Large numbers of bubble pores are observed in
pyrobitumen surrounded by quartz, sample C1-3. (b) Pyrobitumen-hosted pores are well developed in pyrite framboids, sample J2-1. (c)
Pyrobitmen within clay minerals contains abundant bubbles and spongy pores, sample C1-2. (d—f) More pores are observed in pyrobitumen close
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Figure 9. Relationship between TOC and porosity of shales from well JY2.

internal cause that results in the decrease of OM pores. The
latter directly causes the densification of shale, which is
believed to be the external cause. OM pores will be compacted
and further reduced without a surrounding rigid mineral
framework and pore fluid pressure, which directly results in a
decrease in porosity and PV. In comparison, OM pores in clay-
rich or OM-rich shale may be more easily compacted due to
their high plasticity. Figure 9a shows that the TOC is positively
associated with porosity with a TOC value of less than 3.0%,
whereas an obvious negative relationship between them is
obtained with a TOC value exceeding 3.0%. Figure 9b shows
an obvious negative correlation of clay mineral contents and
the porosity of shale. These findings indicate that a high
content of clay minerals and TOC can strengthen the plasticity
of shale, especially for clay-rich shale that lacks rigid minerals
and fluid pressure; compaction has a strong impact on OM
pores and then results in the reduction of porosity.

In addition, fluid pressure also has an obvious impact on the
development of OM pores. Fluid pressure in pores will
increase gradually with the generation of gas resulting from
kerogen and resident oil thermal cracking. Under good sealing
conditions, OM pores containing large amounts of gas are in
overpressure or high pressure, which can effectively resist the
compaction of overlying strata and regional structural stress
and further promote the preservation of OM pores. In the
overpressure system of the Fuling gas field and Dingshan
region, OM pores in the Wufeng—Longmaxi shale show a large
size and round or subround shape (Figure 2e), which is closely
related to the increase in compressive strength of shales under

overpressure. Especially for those OM pores surrounded by
rigid minerals, OM pores in shale are very common, even when
these shales are in deep and superdeep burial depth (Figures
2f, 31, and8a). Numerous studies have demonstrated that shales
under overpressure or high-pressure conditions have a high
porosity (>4.5%), a high surface porosity of OM (10%—40%),
and a high gas content (>5.0 m?/t).°>** Statistics show that
shales under overpressure or high-pressure conditions have
higher porosity compared with those under normal pressure
(Figure 10). Therefore, abnormal fluid pressure (overpressure
or high pressure) is favorable for the development of OM
pores.

In conclusion, the formation and preservation of OM pores
in the Wufeng—Longmaxi shale is mainly controlled by the
OM type and diagenesis. The rigid mineral framework,
including that formed by quartz recrystallization and pyrite
cementation, and the pore-fluid pressure are favorable for the
development of OM pores.

5.5. Significance of Pores in Pyrobitumen without
Fixed Shape. Pyrobitumen makes the great contribution to
gas storage for both free gas and adsorption gas because of its
high porosity and high SSA.°>°® For the Wufeng—Longmaxi
shales, pores in pyrobitumen without a fixed shape contribute
to most of the pores in OM. Pyrobitumen-hosted pores are
associated with the transformation of retained oil to gas, and
they are characterized by a round or subround shape at the
initial formation stage. Then, these round or subround pores
gradually change into an elliptical shape due to the increase of
temperature and pressure at the late diagenesis stage.”’
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Therefore, the morphology of pyrobitumen-hosted pores is
mainly controlled by the temperature and pressure of strata in
theory. Generally, the pressure increases with the burial depth,
and when the pressure is high enough, gas in shales will be
released and pore pressure will be reduced and be restored to
normal pressure.”® For the overmature Wufeng—Longmaxi
shale, the majority of released gas may be restored in
pyrobitumen-hosted pores. The pyribitumen-hosted pores
can store large amounts of gases, which builds up pore
pressure and maintains the pore morphology of a round or
subround shape. Therefore, the existence of abundant round-
or subround-shaped pyrobitumen-hosted pores in shales may
indicate the large amounts of gases that were preserved in
pyrobitumen. Consequently, the properties of pyrobitumen-
hosted pores, including pore size, pore morphology, and pore
deformation degree, can reflect the pressure condition of the
strata. Recent research demonstrated that shales with abundant
bubble pores and round- or subround-shaped pyrobitumen
hosted pores normally have a high gas content and shale gas
production.”’ In our previous study, we observed a good
positive correlation of the pore form factor and shale gas
content when the burial depth of shale was more than 2500
m.%” Thus, we suggested that the morphology of pyrobitumen-
hosted pores can partially reflect the shale gas accumulation. A
further investigation of pyrobitumen and related pores is
essential for a better understanding of the shale gas
accumulation.

6. CONCLUSION

In this study, shale samples from the Wufeng—Longmaxi
Formation were collected in the Sichuan Basin to study the
OM types and their related pore characteristics by using FE-
SEM with EDS, a PCAS quantitative analysis, and gas
adsorption experiments. We concluded the following.

(1) Pyrobitumen and kerogen have been identified by
optical microscope and SEM observations. Pyrobitumen
can be divided into pyrobitumen without a fixed shape
and pyrobitumen with certain shape, whereas kerogen is
classified as algal fragments, bacteria-like aggregates,
graptolite, and micrinite. It is calculated that pyrobitu-
men is the major component of OM followed by algal
fragments. SEM observations demonstrated that large
amounts of pores are developed in pyrobitumen,
whereas nearly no or few pores are observed in algal
fragments.

(2) The mineral composition has an effect on the
preservation of pores in pyrobitumen without a fixed
shape. Quartz-rich brittle shale contains more pyrobitu-
men-hosted pores compared to clay-rich ductile shale.
Moreover, quartz is better for the preservation of
pyrobitumen-hosted pores compared to carbonates.
The rigid mineral framework, including that formed by
quartz recrystallization and pyrite cementation, and the
pore-fluid pressure are favorable for the development of
OM pores.

(3) Gas adsorption experiments demonstrated that pyrobitu-
men makes a great contribution to pore development,
including micropores and meso-/macropores. Carbo-
nates are unfavorable for pore development because they
can block the pore as cements.

(4) The morphology of pyrobitumen-hosted pores can
possibly reflect the shale gas accumulation. Further
investigation of pyrobitumen and related pores is
essential for a better understanding of the shale gas
accumulation.
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