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ARTICLE INFO ABSTRACT

Keywords: Pore types significantly affect the pore properties of shale reservoirs, but their contribution to shale pore space in
Over-mature shale over-mature marine shale remains controversial because organic and inorganic pores fail to be quantitatively
Pore types

characterized. In this study, mercury intrusion porosimetry, low-temperature N3 and CO adsorption, and image
analysis were conducted on over-mature marine shale in the Lower Silurian Longmaxi Formation to quantify the
contribution of pore types to pore volume (PV) and surface area (SA). The full-scale pore size distribution of over-
mature shale indicates that mesopores account for the largest PV, while macropores are developed in organic
matter (OM)-poor shale. By analyzing the influence of multiple factors and heterogeneity of different pore types,
OM pores, pyrite framboid pores, clay mineral pores, and dissolution pores are identified as dominant types in
OM-poor/moderate/rich shale. The PV and SA of these four pore types are quantitatively characterized by
extracting parameters of shale components and pores using image analysis. In OM-poor shale, clay mineral pores
contribute the most to the PV and SA, followed by OM pores and dissolution pores, and finally pyrite framboid
pores. In OM-rich/moderate shale, the contribution of OM pores to the PV and SA is dominant and increases with
the increasing total organic carbon content. The evolution of pore types throughout the maturation sequence is
revealed based on previous studies. Especially at the over-mature stage, clay mineral pores contribute the most to
pore space in OM-poor shale, while OM pores make a major contribution to pore space in OM-rich/moderate
shale.

Quantitative characterization
Relative contribution
Lower Silurian Longmaxi Formation

(Slatt and O’Brien, 2011; Loucks et al., 2012). Various pore types lead to
great differences in shale physical properties, pore structure, pore size
distribution (PSD), heterogeneity, even fluid mobility and gas occur-

1. Introduction

In recent years, China’s oil and gas industry has focused on exploring

deep shale oil and gas resources because of the conventional hydrocar-
bon resource shortage (Wang et al., 2022a). Following commercial
exploitation in the United States (US), the discovery of deep shale gas in
the Sichuan Basin has fueled further enthusiasm for shale reservoir
exploration (Chen et al., 2020; Li et al., 2021a). Because of the influence
of diagenesis and a process involving hydrocarbon generation and
expulsion (Jarvie et al., 2007; Mastalerz et al., 2013; Peng et al., 2020a,
b), shale reservoirs have more pore types than conventional reservoirs

rence (Nelson, 2009; Chen et al., 2016, 2021; Tian et al., 2020; Sun et al.,
2021; Gao et al.,, 2021). It is, therefore, essential to clarify the contri-
bution of pore types to pore space.

In the past two decades, pore types (Slatt and O’Brien, 2011; Loucks
etal., 2009, 2012), pore structures (Katsube and Issler, 1993; Daniel and
Marc, 2009; Tian et al., 2013; Cao et al., 2015; Xu et al., 2020; Wu et al.,
2022; Zhao et al., 2022; Shi et al., 2023), fractal features (Yang et al.,
2014; Tang et al., 2015, 2016; Wang et al., 2016; Zhong et al., 2021),
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Fig. 1. Comprehensive map of structural and stratigraphic characteristics of the Sichuan Basin. (a) Structural distribution. I - Low and Steep Belt in western Sichuan;
1II - Low and Flat Fold Belt in northern Sichuan; IIT — Gentle belt in central Sichuan; IV — Low and Steep Belt in southwestern Sichuan; V — High and Steep Fold Belt in
eastern Sichuan; VI — Low and Steep Belt in southern Sichuan. (b) Stratigraphic column (modified from Guo et al., 2020).

Table 1
TOC, EqRo, and mineral components in the Longmaxi shale.
Well Sample Depth TOC EqRo Mineral content (%) Relative content of clay ~ Reflectivity measuring
D (m) (%) (%) minerals (%) object
Quartz  Feldspar  Calcite  Dolomite  Pyrite  Clay Illite  Chlorite 1/
S
1204 L1 3327.6 4.43 2.82 41.5 5.9 6.2 4.1 6.1 36.2 74 10 16 SB
L2 3836.0 4.1 / 49.6 4.3 8 10.7 9.3 18.1 78 5 17 /
L3 3991.2 3.18 2.79 30.8 10.1 3.2 15.6 3.4 369 72 13 15 SB
L205 L4 3994.1 2.99 / / / / / / / / / / /
L5 4012.5 2.47 2.57 47 7 4.3 6.3 2.4 33 66 10 24 SB
L207 L6 3410.0 3.62 2.93 29.6 6.8 14.4 14.1 6.1 29 70 11 19 SB
L7 3912.0 217 2.95 31.2 6.5 6.6 6.9 2.3 46.5 71 9 20 SB
N216 N1 2300.9 1.1 3.17 35.6 20.8 7 7.4 1.4 27.8 66 19 15 SB
N222 N2 4307.4 3.89 / 35.3 7.9 4.6 3.5 4.7 44 66 16 18 /
w204 W1 3354.8 4.24 / 48.9 2.7 6.7 13.8 1.8 26.1 73 9 18 /
w211 w2 3511.1 0.44 2.23 40.1 6 0.8 / 2.8 50.3 65 25 10 Graptolite
w213 w3 3717.8 2.51 2.97 30.7 3.2 21.4 12.7 3.2 28.8 69 11 20 SB
w214 W4 3525.0 1.32 / 37.4 6.6 3.9 5.3 3 43.8 63 20 17 /
w231 W5 3732.9 3.94 2.86 33.8 9.5 2.5 7.8 5.4 41 70 10 20 SB
Y101 Y1 4073.6 0.42 / / / / / / / / / / /
Y2 4138.7 4.67 / 45.2 5.1 1.7 3 6.6 384 70 9 21 /
Y3 4088.2 2.58 / 30.6 5.8 4.3 15.9 2.4 41 75 13 12 /
7203 z1 4060.0 1.95 2.81 32.8 5.4 1.6 4.4 4.3 51.5 63 16 21 SB
7207 z2 4353.8 0.46 2.68 44.9 4.7 0.9 2.4 2.5 446 66 14 20 Graptolite
z3 4384.5 3.23 2.80 64.9 3.7 2 3.6 1.9 239 76 9 15 SB

influencing factors (Ross and Marc Bustin, 2009; Furmann et al., 2014;
Li et al., 2021a), and pore evolution (Pommer and Milliken, 2015;
Mathia et al., 2016; Ko et al., 2018; Xu et al., 2021a,b; Cao et al., 2022)
have been extensively studied using scanning electron microscopy
(SEM), mercury intrusion porosimetry (MIP), low-temperature gas
adsorption (LTGA), computed tomography (CT) scanning, and nuclear
magnetic resonance (NMR) (Li et al., 2015; Nie et al., 2021; Chen et al.,
2021). SEM is the most direct and effective qualitative method for

observing pore types. Shale pores are generally divided into mineral-
related pores (including interparticle and intraparticle pores) and
organic-matter (OM) pores (Loucks et al., 2012). The former constitutes
a flow network with natural fractures, providing permeability channels
for gas flow within shale reservoirs (Slatt and O’Brien, 2011; Zhao et al.,
2017; Loucks et al., 2012). While the latter is produced by OM decom-
position during the hydrocarbon generation process (Jarvie et al., 2007).
The MIP, LTGA, and NMR can quantitatively determine the porosity,
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Fig. 2. FE-SEM images and core observations showing the characteristics of OM. (a) Dispersive OM, L3. (b) Migrated bitumen, void-filling shape, Z1. (c) Migrated
bitumen, mixed with clay minerals, W5. (d) Graptolite, large-scale and intact morphology, N213. (e) Graptolite, fragmented morphology, Y101. (f) Graptolite, filled

by pyrite, Z2.

PSD, pore volume (PV), and surface area (SA) of the bulk shale sample,
but fail to distinguish pore parameters of different pore types. Image
analysis can effectively utilize abundant high-resolution SEM images to
determine the size, geometry, SA, and other properties of different types
of pores, OM, and minerals (Chen et al., 2016; Liu et al., 2019; Chandra
etal., 2020; Peng et al., 2020a). However, image analysis is highly scale-
and location-dependent, and it may not be suitable for pores smaller
than 5 nm (Arif et al., 2021; Chandra and Vishal, 2021). Hence, it is
necessary to investigate the contribution of pore types to shale pore
space using multi-scale qualitative and quantitative methods.

Great progress has been made in exploring the pore characteristics of
shale reservoirs, while the contribution of different pore types to shale
pore space remains controversial. OM pores were considered to account
for 31%-62% of the total porosity in the Longmaxi shale (Tian et al.,
2013). Mathia et al. (2016) proposed that mineral-related pores mainly
contributed to porosity before the gas window stage in the Posidonia
marine shale. Conversely, Cao et al. (2022) believed that mineral-related
pores contributed more to porosity at a low maturity, while OM pores
did so at gas window maturity. More and more attention has been paid
to the contribution of pore types to shale PV and SA with the deepening
of research. For the lacustrine shale of the Triassic Yanchang Formation
in the Ordos Basin, the contribution of OM pores to the PV reached
1.9%-88.73% and increased with the increasing total organic carbon
(TOC) content (Han et al., 2019). For the lacustrine shale of the Jurassic
Zilivjing Formation in the Sichuan Basin, Gao et al. (2021) considered
that clay mineral pores contributed the most to the PV, followed by
pores developed in quartz and feldspar, and finally OM pores. In OM-
rich marine shale, Li et al. (2022b) found that >90% of pores were
OM pores, contributing the most to the PV and SA. Nevertheless, the
influence of mineral-related pores on the porosity, PV, and SA of shale
with low TOC content or low maturity cannot be ignored (Ross and Marc
Bustin, 2009; Cao et al., 2022). Sedimentary environment, maturity, and
TOC content may affect the contribution of pore types to shale pore
space.

The Longmaxi shale has been extensively studied (Wang et al.,
2022b). Although the pore structure and relative proportion of different
pore sizes (micropores, mesopores, and macropores) in the Longmaxi
shale have been revealed (Guo et al., 2020; Jiang et al., 2016, 2020; Lyu
et al., 2020; Wang et al., 2020; Li et al., 2022a), the contribution of
different mineral-related pores (e.g., dissolution pores, pyrite framboid
pores, and clay mineral pores) and OM pores to pore space in over-
mature marine Longmaxi shale has not been quantified. In this study,
qualitative (geochemical analysis, SEM) and quantitative (MIP, LTGA,

and image analysis) methods were integrated to investigate pore struc-
ture, physical properties, and influencing factors of different pore types
in over-mature marine shale. Furthermore, different pore types were
systematically extracted and quantitatively characterized using image
analysis. The contribution of different pore types to the PV and SA was
calculated and compared. Finally, based on previous studies, the
contribution evolution of different pore types in the Longmaxi shale is
summarized.

2 Geological setting

The Sichuan Basin, which includes six tectonic units, is a large-scale
petroliferous basin located in southwestern China (Fig. 1a). Six forma-
tions of marine, transitional, and continental shale are widely developed
in the Sichuan Basin. The southern part of the Sichuan Basin was
selected for our study. It covers an area of 8.8 x 10* km? including
several major shale gas exploration demonstration areas in China, such
as Changning, Weiyuan, and Zhaotong (Dai et al., 2014; Fig. 1a). The
Longmaxi Formation developed as a deep-water shelf facies, forming in
a limited hydrostatic environment. A set of thick black shale was
deposited (50-600 m), which is characterized as OM-rich (TOC > 2%),
high maturity (equivalent vitrinite reflectance (EqRo) > 2%), and high
brittleness (Zhao et al., 2016; Ma and Xie, 2018). The Longmaxi shale is
considered the most promising target for shale gas exploration in the
Sichuan Basin (Ma et al., 2018). The Longmaxi Formation can be divided
into the first member (Longl) and the second member (Long2) from
bottom to top. Longl Member is mainly composed of dark-gray shale,
carbonaceous shale, and graptolitic shale, while Long2 Member mainly
consists of calcareous silty shale and siltstone. The grain size becomes
coarser and the OM abundance decreases as the member progresses from
Longl to Long2 (Dai et al., 2014; Li et al., 2021b; Fig. 1b).

3 Materials and Methods
3.1 Sample selection

A total of 20 core samples were gathered from the Longmaxi For-
mation in the southern part of the Sichuan Basin (Fig. 1a). The locations
of these samples are distributed as widely as possible throughout the
study area. It is widely recognized that the shale in the Longmaxi For-
mation is high-mature and over-mature. The burial depth of 20 core
samples ranges from 2300 to 4385 m. Firstly, the TOC content mea-
surement, equivalent vitrinite reflectance analysis, X-ray diffraction
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Fig. 3. FE-SEM images with EDS showing different minerals in Longmaxi shale in the study area. (a) Quartz, euhedral-granular, L6. (b) Feldspar, euhedral-granular,
L3. (c) Authigenic quartz cement, with clay mineral and migrated bitumen, L3. (d) Pyrite framboid, Z1. (e) Dissolution euhedral pyrite, OM filling, L6. (f) Kaolinite,

sheet-like, L1. (g) Clay mineral mixed with pyrite and OM, L5.

(XRD), field emission scanning electron microscopy (FE-SEM), and en-
ergy dispersive spectrum (EDS) were adopted to determine the
geochemical characteristics and shale pore types. Then, a sequence of
shale (7 samples) with different TOC contents and maturities was
screened for MIP, LTGA (N2 and CO»), and image analysis to analyze
shale pore structures.

3.2 Methods

3.2.1 Geochemical and mineral analysis

In this study, 20 sets of TOC contents, 12 sets of Ro values, and 18
sets of mineral analysis results are obtained and listed in Table 1 below.
A LECO CS-400 analyzer was employed to analyze TOC contents. The

XRD analysis was conducted using the Japanese Rigaku TTR multi-
functional X-ray diffractometer. According to the Chinese standard SY/T
5163-2018, each sample was crushed (<40 pm) and then scanned from
2° to 80° at a speed of 0.02°/min at 45 kV and 200 mA. Due to the lack of
vitrinite in the marine shale of the Longmaxi Formation, the reflectances
of solid bitumen (BRo) and graptolite (GRo) were measured via oil im-
mersion at 546 nm wavelength under a Leica DM4500P polarizing mi-
croscope using a reflected-light 50 x objective lens equipped with an
MPS200 photometer. According to the formulas proposed by Schoenherr
etal. (2007) and Petersen et al. (2013), the BRo and GRo were converted
into the EqRo, as shown below:

EqRo = BRo x 0.9528 + 0.2328(1)

EqRo = GRo x 0.73 + 0.16(2)
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Fig. 5. FE-SEM images showing intraP pores and interP pores. (a) Independent and round dissolution pores, L3. (b) Large-scale dissolution pores, Z1. (c) IntraP pores
within pyrite framboids, Z1. (d) Microcracks within brittle minerals, Z3. (e) InterP pores between quartz and clay minerals, W2. (f) InterP pores between clay
flakes, W3.
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Fig. 6. FE-SEM images showing the characteristics of bubble, sponge-like, and cheese-like OM pores, as well as shrinkage cracks (red, yellow, green, and orange
arrows, respectively), with the increasing maturity. (a) Rare OM pore in low TOC shale, Z2. (b) Uniformly distributed bubble OM pores revealed by the local
magnification of (c) at extremely high resolution, Z3. (c) Sporadic distribution of sponge-like OM pores in high TOC samples at a lower magnification, Z3. (d)
Independent and dense bubble OM pores revealed by the local magnification of (e) at an extremely high resolution, W3. (e) Independent and round sponge-like OM
pores revealed by the local magnification of (f), W3. (f) Connected and large-scale cheese-like OM pores, W3. (g) Developed large-scale cheese-like OM pores, W3. (h)
Developed bubble OM pores in over-mature shale, N1. (i) Shrinkage cracks, W5. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

Table 2
Pore structure parameters of the Longmaxi shale.

Sample MIP Low-temperature N, adsorption Low-temperature CO, adsorption

ID
Porosity Average pore diameter Pore volume BET surface area BJH pore volume DFT surface area DFT pore volume
(%) (nm) (cm®/g) (m®/g) (cm®/g) (m*/g) (cm®/g)

L1 7.02 12 0.027 17.95 0.012 17.75 0.005

L5 5.14 356 0.020 17.34 0.009 15.54 0.005

L6 3.98 12 0.015 24.83 0.009 20.92 0.006

N1 2.59 10 0.010 9.45 0.006 9.18 0.003

W3 6.04 12 0.023 23.35 0.015 17.21 0.005

72 4.81 138 0.018 9.39 0.006 9.20 0.003

7Z3 4.13 12 0.016 20.17 0.009 19.10 0.006

3.2.2 FE-SEM observations 105°C and then cooled to room temperature. Pore characterization and

Firstly, the shale samples were sectioned vertically and polished by
an argon ion beam to obtain a smooth surface for improved image
quality. Then, the shale pore structures and mineral types were visual-
ized and semi-quantitatively analyzed by the FEI Quanta 200F FE-SEM
system equipped with an EDS. As the magnification of the FE-SEM sys-
tem could reach 25 k to 200 k, pores ranging from several nanometers to
tens of microns could be observed under the microscope. The FE-SEM
and EDS enabled the internal structure and composition distribution
of shale to be identified, such as the relationship between minerals, OM,
and pores. In addition, informative data such as pore type, location, size,
and morphology were obtained.

3.2.3 Mercury intrusion porosimetry (MIP)
Firstly,a1 x 1 x 1 cm® cube of shale was dried in an oven for 48 h at

porosity measurements were conducted using a Micromeritics Autopore
IV 9505 instrument at an experimental temperature of 21.5 °C and a
humidity of 40%. Non-wetting mercury was injected into shale pores
under increasing pressure, which could overcome the capillary force of
shale pores and preferentially enter larger pores. Then, according to the
Washburn equation, the pore radii corresponding to different mercury
injection pressures were obtained, and the amount of injected mercury
under different pressures was the PV corresponding to the pore size
(Washburn, 1921). The MIP’s maximum pressure was 200 MPa, and the
measurement aperture ranged from 200 pm to 8 nm. Excessive experi-
mental pressure (>200 MPa) would not only damage the experimental
instrument but also cause fractures in shale samples, producing larger
porosity measurement results (Jiang et al., 2016). Moreover, the
conformance effect could be a source of error when calculating
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Fig. 8. The characteristics of N, adsorption isotherms and PSD of the Longmaxi shale in the study area obtained by LTN>A.

petrophysical properties from MIP on shale samples (Comisky et al.,
2011). Conformance increased on crushed samples with smaller particle
sizes due to mercury entering the voids between grains and surface vugs
in the low-pressure stage (Peng et al., 2017). In this study, bulk samples
were selected for the MIP experiment to reduce the conformance effect.
Additionally, the PSD result measured by MIP during the low-pressure
cycle (corresponding to pores>30 pm) was not considered to mitigate
the error caused by conformance.

3.2.4 Low-temperature gas adsorption (LTGA)

Low-temperature N adsorption (LTN2A) and low-temperature COy
adsorption (LTCO2A) were performed using the Autosorb-IQ analyzer
produced by the Quantachrome Instruments to determine the PV, SA,
and PSD. The shale sample was pulverized to a size of 100-150 pm. The
crushed sample was dried in an oven at 110°C for 24 h to mitigate the

influence of free water and volatile gases. The LTN,A was conducted at
77.35 K and the relative pressure (P/Po) was set within the scope of
0.005-0.996. The Brunauer-Emmett-Teller (BET) theory and Barrett-
Joyner-Halenda (BJH) model were adopted to calculate the PV and SA
(Brunauer et al., 1938; Barrett et al., 1951). LTCO2A was implemented at
273 K, and the P/Po was set within the scope of 0.00001-0.032. The PV
and SA were calculated using the density functional theory (DFT) in
LTCO»A (Lowell et al., 2012).

3.2.5 Image analysis

The pore morphology was characterized numerically via image
analysis. High-resolution images obtained by the FE-SEM observation
were analyzed by Image-Pro Plus (IPP) software developed by Midia
Cybernetics. Through spatial calibration, filtering, thresholding, and
segmentation, features of different pores were extracted including, but
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Fig. 9. The characteristics of PSD of the Longmaxi shale in the study area obtained by LTCO-A.

not limited to, pore area, perimeter, diameter, and number (Chandra
and Vishal, 2021). For some large-scale discernible pores, the method of
Artificial Identification of Area of Interests (AOI) was also adopted. The
theory underpinning the relationship between pore area (S) and equiv-
alent perimeter (P) and fractal dimension (D) was proposed by Voss et al.
(1991). It formed the basis of the discussion regarding the heterogeneity
of different pore types, which is shown below:

IgP =2x 1g5 + C(3)

The area of shale component (OM, brittle mineral, clay mineral, and
pyrite) and corresponding pores was extracted from FE-SEM images to
investigate the PV of different pore types (Gao et al., 2021). Moreover,
abundant representative FE-SEM images of each component were
selected for calculating the PV to avoid the influence of the heteroge-
neity of the bulk sample and make each component more representative.
The volume fraction of each component in shale was determined by
mass fraction and corresponding density, as shown in Eq. (4). The mass
fraction of OM and mineral composition were obtained from the TOC
content and XRD analysis. This integrated imaging and compositional
method can quantitatively characterize the shale PV. However, it should
be noted that this method is limited by the abundance of FE-SEM images.

-1

b =2 (Th) @

where ¢; is the volume fraction (%), i = 1, 2, 3, 4 (i represents OM,
brittle mineral, clay mineral, and pyrite, respectively); m; represents the
mass fraction of each component (%); p; is the density of each compo-
nent (g/cm3), and the densities of OM, brittle mineral, clay mineral, and
pyrite are 1.26, 2.675, 2.7, and 4.9, respectively (Gao et al., 2021).

According to the sum of the extracted areas of different pore types
and their corresponding component areas, the surface porosity of
different components could be obtained (Gao et al., 2021). Then, the PV
of each component was calculated by Eq. (5), as shown below.

Vore(iy = ¢i'(bi'/l,(5)

where Vjore () represents the PV per gram of each shale component
(em®/g); @ is the surface porosity of each shale component (%); p is the
bulk density obtained by MIP (g/cms).

4 Results
4.1 Organic geochemistry

As illustrated in Table 1 below, the TOC contents of the Longmaxi
shale are 0.42-4.67%, with an average of 2.69%. Solid bitumen displays
a rougher surface, weaker anisotropy, and lower random reflectivity,
making it a good target for reflectance measurements (Luo et al., 2018).
The EqRo values are 2.23-3.17%, with an average of 2.8%, indicating
that the Longmaxi shale is at the over-mature stage (Table 1).

The FE-SEM observation shows that the OM of the Longmaxi shale
mainly consists of migrated bitumen and non-granular graptolites,
which are characterized as irregular strips and blocks and dispersed
within the mineral matrix (Fig. 2a). Migrated bitumen predominantly
manifests as fine void-filling (Teng et al., 2022; Liu et al., 2022; Fig. 2b)
and is mixed with clay minerals (Fig. 2c). Graptolites are well preserved
in the Longmaxi shale (Fig. 2d and e), which typically present as parallel
periderm and segmentation, with occasional pyrite filling (Fig. 2f).

4.2 Mineral composition

The mineral components are summarized in Table 1, including
quartz, clay minerals, feldspar (potassium feldspar and plagioclase),
carbonate minerals (calcite and dolomite), and pyrite. The quartz con-
tent in the Longmaxi shale is relatively high, ranging from 29.6% to
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Fig. 10. Full-scale PSD of the Longmaxi shale in the southern part of the Sichuan Basin.

64.9%, with an average of 39.4%. The feldspar content accounts for
2.7-20.8%, with an average of 6.78%. Quartz and feldspar are mostly
euhedral-granular (Fig. 3a and b). Moreover, the authigenic quartz
cement mixed with migrated bitumen and clay minerals can be observed
(Peng et al., 2020b; Fig. 3c). The carbonate mineral content varies from
3.3% to 34.1%, with an average of 13.9%. The clay mineral content
accounts for 18.1-51.5%, with an average of 36.7%, including illite,
chlorite, and illite-smectite (I/S) layer. The relative content of illite
ranges from 63% to 78%, with an average of 69.6%. The lithofacies of
the Longmaxi shale can be distinguished based on the TOC content and
mineral composition (Fig. 4). The OM-rich and OM-poor shales in the
Longmaxi Formation are mainly siliceous and mixed shale. The OM-

moderate shale is mainly argillaceous shale, containing siliceous and
mixed shale. Furthermore, pyrite is identified as rather common in the
Longmaxi shale, with a content of 1.4-9.3%. It is primarily composed of
pyrite framboids (Fig. 3d), with rare elements of euhedral pyrite
(Fig. 3e). The clay minerals are mostly distributed within the mineral
matrix in the form of layers, strips, worms, and fine sheets (Fig. 3b, c,
and f), with strong plasticity, which are easily compacted or mixed with
OM and pyrite (Fig. 3g).

4.3 Pore types

The pore types of the Longmaxi shale in the study area were
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examined by FE-SEM observations. The pores are mostly comprised of
intraparticle (intraP), interparticle (interP), and OM pores. IntraP pores
are found within mineral particles or grains, while interP pores are
located between mineral particles and clay flakes (Slatt and O’Brien,
2011). OM pores are developed within OM with increasing thermal
maturity (Loucks et al., 2012; Pommer and Milliken, 2015).

4.3.1 IntraP pores

Based on the FE-SEM observation, intraP pores found in the Long-
maxi Formation are seen to be developed over a broad size distribution,
ranging from several nanometers to micrometers. IntraP pores are pre-
dominantly related to dissolution, pyrite framboids, or brittle mineral
fracturing (such as feldspar and calcite). Dissolution pores generally
appear as (1) round, dispersed pores ranging from a few microns to

Journal of Asian Earth Sciences 249 (2023) 105625

several hundred microns (Fig. 5a), and (2) larger-scale irregular pores,
which are readily filled by migrated bitumen or clay minerals (Fig. 5b).
Intercrystalline pores within pyrite framboids are invariably found to be
caused by incomplete lattice development or dissolution (Fig. 5c). The
microcracks formed by brittle mineral fracturing are mostly distributed
along the mineral cleavage along with the largest PSD (Fig. 5d). These
are hypothesized to be highly significant constituents of the shale pore
system, but they are also deemed to have been easily filled by authigenic
cement.

4.3.2 InterP pores

As mentioned above, interP pores are mainly found to be subdivided
into pores between different mineral particles and pores among clay
flakes (Slatt and O’Brien, 2011; Ibad and Padmanabhan, 2022). The
former is inherited from inherent pores and is mostly linear or polygonal
along the borders of brittle minerals (Fig. 5e). The latter mainly results
from the non-parallel arrangement of flakes or the filling of other par-
ticles (Fig. 3h, Fig. 5f).

4.3.3 OM pores

The evolution of OM pores is controlled by the types, abundance, and
thermal maturity of OM (Milliken et al., 2013). The OM in the Longmaxi
shale mainly consists of types I-II; kerogen, which favors the formation
of OM pores (Cao et al., 2021). Previous studies have investigated the
evolution of OM pores with different morphologies during thermal
evolution (Mathia et al., 2016; Ko et al., 2018; Cao et al., 2022). Fig. 6
below generally illustrates that OM pores proliferate from sporadic
micropores to developed large-scale cheese-like pores with increasing
TOC content and maturity.

In order to more intuitively reveal the evolution of OM pores with
increasing maturity, OM pores are subdivided into four types according
to the pore size and morphology under the visible range of SEM reso-
lution, while those smaller than 5 nm are difficult to distinguish using
SEM observations (Fig. 6a). Bubble OM pores are characterized by round
shapes with pore sizes of 5-100 nm. They are independent and densely
distributed (Fig. 6b). Sponge-like OM pores are developed sporadically,
characterized by irregular edges with pore sizes of 100-350 nm (Fig. 6¢
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Fig. 13. Image analysis of different pore types using IPP software. (a—c) the extraction of intraP pores from Fig. 5a, ¢, and d; (d-e) the extraction of interP pores from

Fig. 3g; (f-h) the extraction of OM pores from Fig. 6d, e, h, and i.

and d). In shale with higher TOC content and maturity, cheese-like OM
pores are formed by connecting sponge-like OM pores, which are more
irregular in the shape with pore sizes>350 nm (Fig. 6e-g). In shale with
medium TOC content and extremely high thermal maturity (Ro > 3.0%),
bubble OM pores are the most developed (Fig. 6h). Compared with
bubble, sponge-like, and cheese-like OM pores, shrinkage cracks form
along the interface between OM and minerals and are distributed in
strips, with sizes ranging from tens of nanometers to several microns
(Fig. 6i). Interestingly, increased magnification enables the first three
types of OM pores with completely different pore sizes to coexist within
the same field of view (Fig. 6d-f), forming an organic pore system. This
classification of OM pores is conducive to the subsequent study on the
evolution of pore types and the changes in the relative contributions of
different pore types.
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4.4 Pore structure

The pore structure parameters of the Longmaxi shale obtained by
MIP and LTGA are illustrated in Table 2 below. According to the Inter-
national Union of Pure and Applied Chemistry (IUPAC) classification,
pore sizes are subdivided into micropores (<2 nm), mesopores (2-50
nm), and macropores (>50 nm).

4.4.1 MIp

The MIP experiment can quantify the shale pore structure, especially
for mesopores and macropores (Bustin et al., 2008; Clarkson et al.,
2013). As shown in Table 2, the porosity obtained by MIP tests varies
from 2.59% to 7.02%, with an average of 4.82%. The PV ranges from
0.01 to 0.027 cm®/g, with an average of 0.019 cm>/g. Two types of pore
structures are revealed within the study area. As shown in Fig. 7a, the
mercury injection quantities of five samples increase slowly with
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pressure (<60 MPa) and then increase rapidly (>60 MPa), indicating
that pores are mainly concentrated in the range of 20-50 nm, and they
consist of mesopores. Until reaching the maximum pressure, the mer-
cury injection quantities are not saturated and still keeps rising, signi-
fying that an abundance of pores < 8 nm exists in the samples. The
mercury injection quantities of L5 and Z2 increase rapidly when the
pressure reaches 0.5 MPa and 2 MPa, respectively, indicating that the
pores are concentrated in the range of 10 nm-2 pm and 10-500 nm,

respectively, and they consist of mesopores and macropores (Fig. 7b).

4.4.2 Low-temperature Ny adsorption (LTN2A)

The BET SA calculated by LTN,A of seven shale samples varies from
9.39 to 24.83 m2/g, with an average of 17.5 m2/g. The BJH PV varies
from 0.006 to 0.015 cm®/g, with an average of 0.009 cm®/g (Table 2).
According to the IUPAC classification, the adsorption isotherms of the
Longmaxi shale present as type IV, with obvious hysteresis loops and no
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saturated adsorption platform, indicating the process of capillary
condensation and the presence of macropores (Fig. 8a and b). The hys-
teresis loops are mainly type Hs, corresponding to the silt-shaped pores.
The adsorption volumes of shale samples with a high TOC content
(Fig. 8a) are larger than those of shale samples with a low TOC content
(Fig. 8b). The adsorption/desorption isotherms of samples W3 and L1
are steeper (when P/Po > 0.8), indicating the existence of ink-bottle-like
pores (Fig. 8a). As shown in Fig. 8c and d below, the PV and SA are
primarily comprised of mesopores between 3 and 40 nm and 3-20 nm
respectively, and gradually decrease with increasing pore diameter.
Pore structure parameters in OM-poor/moderate shale samples (N1 and
Z1) are found to be significantly lower than those in high TOC samples,
indicating that the TOC content could observably affect the PV and SA.

4.4.3 Low-temperature CO2 adsorption (LTCO2A)

The DFT SA calculated by LTCO2A of seven shale samples is
9.18-20.92 m?/g, with an average of 15.56 m?/g. The DFT PV is
0.003-0.006 cm>/g, with an average of 0.005 cm®/g (Table 2). Fig. 9
below exhibits similar characteristics of pore structure with a pore size
< 2 nm, mainly distributed over three intervals: 0.3-0.4 nm, 0.45-0.7
nm, and 0.75-0.9 nm, respectively. The PV and SA of OM-rich shale
samples (Fig. 9a and c) are found to be significantly higher than those of
OM-poor/moderate samples (Fig. 9b and d), which is consistent with the
conclusion drawn using LTNA.

4.5 Full-scale pore size distribution

Considering the measurement ranges of different methods, the mi-
cropores (0.3-1.5 nm), mesopores (3-50 nm), and macropores (>50 nm)
can be well characterized by LTCO2A, LTN2A, and MIP experiments,
respectively (Mastalerz et al., 2013; Wang et al., 2020; Chen et al., 2021;
Zhao et al., 2022). In this study, the correlation between the PV and pore
size was used to investigate the PSD of the Longmaxi shale. As illustrated
in Fig. 10 below, micropore PV is mainly contributed by pores between
0.5 and 0.6 nm. Mesopore PV is mainly contributed by pores between 8
and 40 nm. Macropore PV is mainly contributed by pores between 100
and 1000 nm and>30 pm. The PV values of micropores and mesopores

13

are comparable with those obtained by LTCO2A and LTN,A, while the
PV values of macropores are smaller than that obtained by MIP. It is
mainly because the PV of pores smaller than 50 nm and those>30 pm
measured using the MIP experiments were excluded in order to reduce
the conformance effect.

Previous studies have found that mesopores contributed the most to
the PV in over-mature Longmaxi shale, with micropores and macropores
also contributing a certain amount to PV (Jiang et al., 2016, 2020; Lyu
et al.,, 2020; Wang et al., 2020; Li et al., 2022b). OM-poor/moderate
shale presents a higher proportion of macropore volume than OM-rich
shale, indicating that larger inorganic pores are developed in the low
TOC shale, which is consistent with FE-SEM observations (Fig. 10a;
Fig. 11). As the TOC content and maturity increase, the macropore
volume gradually decreases, and the mesopore volume is the most
developed, and there is only a slight change in the micropore volume
(Fig. 10b—f; Fig. 11). In addition, the PV of the N1 sample decreases
significantly because of its low TOC content and high maturity
(Fig. 10g).

4.6 Extraction of pore parameters of different pore types

Fig. 12 below summarizes the measurement ranges obtained by
different experimental methods (Arif et al., 2021). In this study, multi-
scale methods were integrated to characterize the pore structures,
PSD, and pore types. IntraP pores have a wide PSD, which ranges from
several nanometers to microns. In contrast, the PSD of interP pores is
more concentrated, varying from tens of nanometers to 500 nm. The
visible OM pores are mainly concentrated at 5-750 nm, while the
invisible OM pores obtained by the LTCO»A experiment are mostly
concentrated at 0.5-0.6 nm. OM shrinkage cracks exhibit irregular
shapes and the widest PSD than other pore types. Additionally, the pa-
rameters of different pore types were extracted from high-resolution FE-
SEM images by image analysis using IPP software. Fig. 13 displays
several representative images of different pore types after image pro-
cessing. The grayscale SEM images were filtered to remove artifacts and
then were transformed into binary images by thresholding. Finally, the
features of different pore types were extracted after segmentation.
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Fig. 17. Fractal characteristics of different pore types obtained by image analysis (The area (s) and perimeter (P) of different pore types show good correlations,

showing that the D values of pores are reliable).
5 Discussion

5.1 Multi-factorial influences of different factors on shale porosity and
pore structure

5.1.1 Influence of TOC and Ro on shale porosity and pore structure

Fig. 14 below illustrates the relationships between TOC, Ro, porosity,
SA, and PV, respectively. Prominent positive correlations are identified
between TOC and porosity (Fig. 14a). The SA and PV of micropores and
mesopores also show positive correlations with TOC, while the macro-
pore volume is randomly distributed with the increasing TOC content
(Fig. 14b, c). These demonstrate the contribution of OM pores to the
porosity, SA, and PV of mesopores and micropores in over-mature
Longmaxi shale. Milliken et al. (2013) found an obvious positive rela-
tionship between TOC and porosity in two sets of Marcellus shale with
maturities of 1.0% and 2.1%, respectively. However, when the TOC
content was over 5.6%, this covariation disappeared in the lower-
maturity shale and diminished in the higher-maturity shale, indicating
that the thermal maturity may affect this correlation. A slight positive
correlation is identified between Ro and porosity (Fig. 14d). Ro has a
good correlation with mesopore SA, but is independent of PV (Fig. 14e,
f). When Ro > 3%, the porosity, SA, and PV generally decreases, and the
influence of other factors on shale physical properties is found to be
masked by maturity (Mastalerz et al., 2013). After screening out shale
samples with the maturity>>3%, the correlation coefficient (R?) between
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Ro and porosity, and the SA and PV of mesopores can be increased to
0.53, 0.68, and 0.34, respectively. Consequently, in over-mature shale
(Ro > 2%), the TOC content and maturity greatly affect shale porosity
and pore structure (Mastalerz et al., 2013; Bousige et al., 2016), espe-
cially the TOC content (Cao et al., 2015). Abundant OM is revealed to
greatly improve the shale pore structure, develop more OM pores, and
form more micropores and mesopores.

5.1.2 Influence of mineral composition on shale porosity and pore structure

The mineral composition of shale can significantly affect the porosity
and pore structure of shale reservoirs (Mastalerz et al., 2013; Peng et al.,
2020a, b). IntraP and interP pores related to minerals are essential
constituents of the shale pore system. Brittle mineral contents show
weak negative correlations with the porosity, SA, and mesopore volume,
and no correlation with the PV of micropores and macropores, indi-
cating that the pores related to brittle minerals contribute less to the
porosity and pore structure of the Longmaxi shale (Fig. 15a—c). In OM-
rich Longmaxi shale, pyrite has slight positive correlations with
porosity and SA, but no correlation with PV, indicating the contribution
of intercrystalline pores within pyrite framboids to shale pore space
(Fig. 15d-f). The relationships between clay minerals and shale pore
properties vary greatly in OM-rich and OM-poor shales (Lyu et al.,
2020). In OM-poor/moderate Longmaxi shale, clay mineral contents
correlate positively with the porosity, micropore SA, and PV (Fig. 16).
Whereas these positive correlations decrease in OM-rich shale,
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Fig. 19. The PV of different pore types of the Longmaxi shale.

signifying that clay mineral pores contribute to pore space in OM-poor/
moderate shale.

5.2 Heterogeneity of different shale pore types

Different pore types share strong self-similarities and obvious fractal
characteristics. Previous studies have investigated the fractal charac-
teristics of nanopores in the Longmaxi shale using the fractal Frenkel-
Halsey-Hill (FHH) method based on the LTN,A isotherms and found
that TOC content had a positive correlation with D values (Yang et al.,
2014; Peng et al., 2019; Li et al., 2022b). However, the D values of
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different pore types fail to be characterized by the FHH model.

In this study, the D values of shale pores are obtained by image
analysis, which range from 1.04 to 1.44, and the corresponding R?
values range from 0.69 to 0.99 (Fig. 17). IntraP pores mainly consist of
mesopores and macropores. The D values of dissolution pores, pyrite
framboid pores, and microcracks within brittle minerals are 1.09, 1.17,
and 1.44, respectively, revealing that the pore morphology of these
three types of intraP pores is complex and heterogeneous (Fig. 17a-c).
The pore size of interP pores is dominated by macropores. Compaction
and recrystallization result in an irregular pore morphology among
grains and/or crystals, the D value of which is 1.15, and the R? value is
0.73 (Fig. 17d). The D value of clay mineral pores is 1.2 (Fig. 17e). OM
pores comprise a wide PSD range, greatly contributing to micropores,
mesopores, and macropores. The D values of bubble OM pores, sponge-
like OM pores, cheese-like OM pores, and shrinkage cracks are 1.04,
1.06, 1.17 and 1.43, respectively (Fig. 17f). OM pore heterogeneity is
shown to increase with the increasing pore size (Peng et al., 2019).
Although OM shrinkage cracks are highly heterogeneous, they could
well connect OM pores and mineral-related pores, forming a complex
organic-inorganic pore-fracture system, which is conducive to oil and
gas migration (Zhang et al., 2016). Overall, OM pores are found to be the
most homogeneous, followed by interP pores, while intraP pores present
the greatest heterogeneity, which is consistent with earlier study find-
ings obtained using box-counting fractal methods (Wang et al., 2016).
Note that pore complexity and heterogeneity of shale reservoirs are also
affected by multiple factors, such as TOC content, mineral composition,
and tectonic movements (Peng et al., 2019).
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Table 3
Parameters of different components of over-mature Longmaxi shale.
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Sample Component Area Pore area Porosity Mass fraction Density (g/ Volume fraction Volume (cm®/ Pore volume (cm®/

D (pm?) (km?) (%) %) cm®) (%) 8) 8

Z2 OM 64.47 0.23 0.36 0.46 1.26 1.02 0.003812 0.000014
Clay mineral 52.75 0.68 1.29 44.60 2.70 45.97 0.172483 0.002223
Pyrite 17.25 0.04 0.21 2.50 4.90 1.42 0.005327 0.000011
Brittle 15.10 0.04 0.28 49.60 2.68 51.60 0.193612 0.000551
mineral

N1 oM 54.74 3.64 6.65 1.10 1.26 2.68 0.010121 0.000673
Clay mineral 11.81 0.24 2.03 27.80 2.70 31.64 0.119362 0.002425
Pyrite 3.10 0.11 3.49 1.40 4.90 0.88 0.003312 0.000115
Brittle 524.1 1.86 0.35 56.40 2.68 64.80 0.244422 0.000867
mineral

w3 oM 97.58 6.90 7.07 2.51 1.26 7.67 0.029691 0.002099
Clay mineral 3.65 0.05 1.34 28.80 2.70 41.05 0.158985 0.002134
Pyrite 20.43 0.49 2.40 3.20 4.90 2.51 0.009734 0.000234
Brittle 83.04 0.18 0.22 33.90 2.68 48.77 0.188887 0.000409
mineral

L1 oM 22.52 4.36 19.36 4.43 1.26 9.80 0.038016 0.007360
Clay mineral 151.7 2.18 1.44 36.20 2.70 37.36 0.144972 0.002084
Pyrite 8.33 0.28 3.30 6.10 4.90 3.47 0.013461 0.000445
Brittle 157.8 0.41 0.26 47.40 2.68 49.38 0.191599 0.000498
mineral

5.3 Contribution of pore types to pore space

5.3.1 Relative contribution of pore types to pore area

By discussing influencing factors and heterogeneity of the shale pore
structure, the pores related to OM (except for shrinkage cracks), pyrite
framboid, clay mineral, and dissolution seem to be the main contributors
to shale pore space. Based on abundant SEM observations and image
analysis, four typical samples with different TOC contents and matu-
rities were used to analyze the pore number, diameter (Dp), pore area
(S), and dS/dDp of different pore types to determine the contribution of
pore types to pore area, as shown in Fig. 18. Note that in order to reduce
the influence of data collection number and the limited FE-SEM obser-
vation range of the whole sample, pore area and dS/dDp were adopted
together to characterize the relative contribution of pore types to pore
area (Tian et al., 2020). The number and SA of pores increase signifi-
cantly with the TOC content (Fig. 18). For OM-poor shale (Z2), the
number and area of pores that can be extracted are significantly less than
in OM-rich/moderate shale (Fig. 18a—c). Clay mineral pores contribute
more to the pore area, followed by OM pores and dissolution pores, and
finally pyrite framboid pores. With the increasing TOC content and
maturity, the relative contribution of OM pores to the pore area is
gradually highlighted (Fig. 18d-1). The sample N1 (Ro = 3.17%) has a
limited PSD (mainly 40-90 nm). The bubble OM pores contribute the
most to the pore area in sample N1, and a small number of large-scale
dissolution pores also contribute to the pore area (Fig. 18d-f). The
sample W3 has a wide PSD, with the largest number of bubble OM pores
found in the range of 10 to 20 nm, and sponge-like and cheese-like OM
pores in the range of 190 to 470 nm contributing the most to the pore
area, followed by bubble OM pores and pyrite framboid pores
(Fig. 18g-i). For sample L1 with a high TOC content, the number of
bubble OM pores is most abundant, and OM pores (40-120 nm) are the
main contributor to the pore area (Fig. 18j-1).

5.3.2 Relative contribution of pore types to pore volume

The contribution of different pore types to the PV varies significantly.
In this study, the PV of OM pores, clay mineral pores, pyrite framboid
pores, and dissolution pores of four samples was obtained (Fig. 19), and
the detailed parameters are listed in Table 3. Notably, due to the limi-
tations of FE-SEM images, the PV here failed to represent the total PV of
the whole shale sample. However, the relative contribution of different
pore types to the PV is still valid because the relative abundance and
surface porosity of each component are taken into account. In the OM-
poor shale (sample Z2), the PV is mainly contributed by clay mineral
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pores, followed by dissolution pores, but without the contribution of OM
pores. The relative contribution of OM pores to the PV increases with the
increasing TOC content (Li et al., 2022b). In the OM-rich shale sample
L1, OM pores account for 70% of the PV, clay mineral pores account for
20%, and pyrite framboid pores and dissolution pores account for 10%.
Interestingly, the PV of pyrite framboid pores increase with the
increasing TOC content, indicating that OM provides favorable condi-
tions for the development of pyrite framboids (Berner, 1984; Rigby
et al., 2006).

5.4 Contribution evolution of pore types to shale pore space

Both the processes of diagenesis and hydrocarbon generation were
found to influence intraP, interP, and OM pores, as previously contended
by Mastalerz et al. (2013). The evolution of shale pores can be divided
into three stages: immature (Ro < 0.5%), mature (Ro = 0.5-2.0%), and
over-mature (Ro > 2.0%) (Cao et al., 2022). Based on previous studies,
we conclude the pore evolution of the Longmaxi shale with type I-II;
kerogen.

At the immature stage (Ro < 0.5%), the original porosity of loose
sediments (biological skeleton, minerals, and OM) is very high, mainly
consisting of interP pores (Pommer and Milliken, 2015; Cao et al., 2021;
Fig. 20a). With mechanical compaction and chemical cementation,
interP pores decrease significantly, while intraP pores (mainly pyrite
framboids) increase (Milliken et al., 2014; Xu et al., 2021b; Fig. 20b, c).

When Ro = 0.5-2.0%, interP pores between different grains decrease
continually (Fig. 20d), while clay mineral pores increase because of the
transformation of smectite and kaolinite to flocculent I/S mixed layer
when Ro > 1.0% (Burst, 1969; Fig. 20e). Affected by temperature and
catalysis of clay minerals, oil, solid bitumen, migrated bitumen, and a
few gases are generated by thermal degradation of kerogen (Ardakani
et al., 2018; Liu et al., 2022), producing abundant dissolution pores,
intragranular fractures, and small quantities of bubble OM pores (Jarvie
et al., 2007; Wang, 2017; Xu et al., 2021a; Fig. 20f-h). Whereas solid
bitumen blocks the large-scale inorganic pores first and then OM pores,
significantly reducing the porosity and PV (Chuhan et al., 2000; Mathia
et al. 2016; Xu et al., 2021b). In OM-rich shale, the condensation reac-
tion of layered algae forms shrinkage cracks (Fig. 20i). When Ro > 1.6%,
abundant bubble OM pores and sponge-like OM pores are developed
(Tang et al., 2016; Fig. 20j and k), and the total PV decreases while the
total SA increases rapidly (Zhang, 2020).

When Ro > 2.0%, OM pores are dominant and are mainly affected by
the TOC content (Milliken et al., 2013). The size, scale, and connectivity
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of OM pores increase with the increasing TOC content. Independently
distributed bubble or sponge-like OM pores link up to form irregular
cheese-like OM pores, which are conducive to shale gas adsorption (Xu
et al., 2021a, b). In OM-poor shale, clay mineral pores are identified as
playing a major role in pore space (Fig. 18; Fig. 19; Fig. 201 and m).
Invisible OM pores beyond FE-SEM observations are the main contrib-
utors to micropores (Fig. 20n). In OM-rich/moderate shale, with the
increasing TOC content and maturity, the OM pore system gradually
develops from an assembly of invisible OM micropores, irregular bubble
OM pores, and sporadic sponge-like OM pores to an assembly of invisible
OM micropores, well-developed and uniformly distributed bubble OM
mesopores, and widespread sponge-like and cheese-like macropores
(Fig. 6d-f; Fig. 20n). OM pores contribute the most to pore space.

6 Conclusion

For over-mature Longmaxi shale, a quantitative method integrating
XRD analysis, FE-SEM, MIP, LTGA, and image analysis was adopted to
analyze the structure, physical properties, and influencing factors of
different pore types. Eventually, the relative contribution of pore types
to pore space was quantitatively characterized. The main conclusions
obtained are as follows:

(1) Based on the FE-SEM observation, intraP, interP, and OM pores
are found in the Longmaxi shale. OM pores can be subdivided into
invisible micropores (<5 nm), uniformly distributed bubble pores
(5-100 nm), independent and rounded sponge-like pores (100-350 nm),
connected cheese-like pores (>350 nm), and shrinkage cracks.

(2) Full-scale pore size distribution obtained by MIP, LTNsA, and
LTCO2A exhibits that mesopores contribute the most to the PV. In OM-
poor shale, macropores are relatively developed. Moreover, the physical
properties of the Longmaxi shale are mainly affected by the TOC con-
tent. The TOC contents show strong positive correlations with the
porosity, SA, and PV. Maturity and pyrite show slight positive correla-
tions with the porosity, SA and PV of mesopores. In OM-poor/moderate
shale, clay minerals show significantly positive correlations with
porosity, micropores SA, and PV.

(3) The fractal dimensions (D) of different pore types were obtained
by image analysis. The D values of intraP, interP, and OM pores are
1.09-1.44, 1.15-1.2, and 1.04-1.43, respectively. Higher D values
indicate stronger heterogeneity.

(4) The number, diameter, and pore area of different pore types were
extracted to quantitatively calculate the relative contribution of pore
types to pore area and volume. In OM-poor Longmaxi shale, the
contribution to the SA is in the order of clay mineral pores, OM pores,
dissolution pores, and pyrite framboid pores. The contribution of OM
pores to pore area becomes dominant with the increasing TOC content.
Similarly, the PV is mainly contributed by clay mineral pores in OM-
poor shale. The contribution of OM pores to the PV increases with the
increasing TOC content.

(5) The contribution of pore types to shale pore space at different
evolutionary stages was revealed based on previous studies. When Ro <
0.5%, interP pores are the main contributors to shale pore space, leading
to a high original porosity. When Ro = 0.5-2.0%, intraP and OM pores
dominantly contribute to pore space. When Ro > 2.0%, in OM-poor
shale, clay mineral pores contributed the most to shale pore space. In
OM-rich/moderate shale, with the increasing maturity, an assembly of
invisible OM micropores, bubble OM pores, sponge-like pores, and
cheese-like OM pores make a major contribution to shale pore space.
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