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ABSTRACT

Organic matter (OM) is the primary gas occurrence carrier in shale reservoirs due to their abundant
nanopores. To reveal the OM pore structure, adsorption capacity and evolution during thermal matu-
ration, this study collected data from samples spanning the entire evolution stage, from immature to
over-mature. Scanning Electron Microscope (SEM) observation and low temperature gases adsorption
experiments were used to qualitatively-semi-quantitatively and quantitatively analyze OM pore
structure evolution, and CHy4 isothermal adsorption experiments were used to reveal the adsorption
capacity evolution. Then, the influence and mechanism of maturity and hydrocarbon generation on pore
development and adsorption capacity were quantitatively reviewed based on the experimental data.
The results show that OM pores are poorly developed in the immature stage due to weak hydrocarbon
generation, although micro-fractures are occasionally found at the edges of OM particles. In the low
maturity stage, OM pores are partially developed due to liquid hydrocarbon generation, with liquid
hydrocarbons also filling some OM pores. The contribution of total organic carbon content (TOC) to
adsorption extent is not significant in these two stages. From high to high-over maturity stages, massive
gaseous hydrocarbons are generated, significantly improving the surface porosity of OM. Clear positive
linear correlations are observed between TOC and adsorption amount. However, the development of OM
pores significantly declines when thermal maturity (R,) exceeds 3.5% due to excessive aromatization.
The accuracy of research on the evolution of pore structure and adsorption capacity is limited by several
factors: (i) errors caused by sample specification, calculation processes, parameter settings, and kerogen
models in isothermal adsorption experiments and molecular simulations; (ii) difficulty in achieving
control variables due to the strong heterogeneity of natural maturation shale samples; and (iii) the need
to enhance compatibility between thermal simulation experiments and natural thermal evolution.
Therefore, isothermal adsorption experiments on bulk shale and molecular simulations of intact shale
model are necessary, taking into account the dynamic temperature and pressure of in-situ reservoirs.
Moreover, shale samples with varying maturity, influenced by their distance from the paleo-thermal
source, may provide significant verification for thermal simulation experiments.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Several countries have successfully achieved large-scale com-
mercial exploitation of shale gas, significantly alleviating the
excessive consumption of conventional energy (Salygin et al,
2019; Bakshi and Vishal, 2021; Luo et al., 2025). Shale gas refers
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2002). The desorption, migration, and production of adsorbed gas,
which accounts for 20%-85% in shale gas reservoirs (Curtis, 2002),
are crucial for enhancing gas recovery due to the complex pore
structure and adsorption mechanism of shale gas reservoirs
(Swami and Settari, 2012; Liu, 2020; Fan et al., 2022). OM is the
primary adsorption carriers of shale gas due to its extensively
developed nanopores, especially in high maturity and over-
maturity shale gas reservoirs with higher exploration potential
(Passey et al., 2010; Lis et al., 2025; Lu et al., 2025). Although clay is
another important adsorption carrier in shale, its effect on adsor-
bed gas content is significant only in samples with low TOC or low
thermal maturity (Qiao et al., 2020; Xie et al., 2022a). OM pores are
mainly formed during hydrocarbon generation, consisting of oval,
concave and crescent shaped pores at micron to nano scale, and
micro-fractures with micron-scale length and nano-scale width
developed at the edge of OM and minerals (Loucks et al., 2012;
Loucks and Reed, 2015; Lohr et al.,, 2015). The development fea-
tures of pore structure in shale gas reservoirs can be obtained
through qualitative and quantitative methods such as visual
observation (SEM observation), fluid injection (includes Mercury
Injection, Low-temperature N, and CO, Adsorption, and Nuclear
Magnetic Resonance experiments), and digital reconstruction
(construction of 3D models of pore structure based on CT Scanning
technique) (Tang et al., 2021; Fleury et al., 2022; Chandra et al.,
2025). Experimental results show that micro and nano pores are
widely developed in OM, especially nanopores, which are the
primary controlling factors of porosity, permeability, pore volume
(PV), and specific surface area (SSA) of shale gas reservoirs (Tang
et al,, 2015a; He et al.,, 2020). Furthermore, gas accumulation,
migration, and occurrence features are controlled by TOC to some
extent, determined by the development of OM pore type, pore size,
and their connectivity (Romero-Sarmiento et al., 2013; Furmann
et al., 2014; Awan et al., 2024).

TOC affects adsorption capacity by providing substantial PV and
SSA as the adsorption site and storage space for shale gas. It is a
significant parameter for strategic selection and resource evalua-
tion of shale gas reservoirs (Ross and Bustin, 2009; Rojas et al.,
2024). Yuan et al. (2019) suggested that PV and SSA of micro-
pores (pores with diameter <2 nm according to Rouquerol et al.
(1994)) in shale are predominantly contributed by TOC. Addi-
tionally, the development of mesopores (pores with diameter in
the range of 2-50 nm according to Rouquerol et al. (1994)) in shale
is also controlled by TOC, with clear positive linear correlations
recorded between TOC and PV and SSA (Guo et al., 2019). In
contrast, the contribution of TOC to the development of macro-
pores in shale is variable; even samples collected from the same
formation in the same basin may show different correlations (Sun
et al, 2016, 2020a). Liang et al. (2015) indicated that TOC also
significantly impacts the roughness of pore surfaces, besides PV
and SSA. The influence of TOC on the adsorption capacity of shale
exhibits various correlations (Gasparik et al., 2012; Zhong et al.,
2016). Wang et al. (2019a) and Xie et al. (2021a) demonstrated
that the impact of TOC on the adsorption amount of shale is much
higher than other adsorption carriers, resulting in no obvious
correlation or even a negative correlation of mineral composition
versus adsorption amount. Bu et al. (2015) and Chen et al. (2020a)
implied that clay minerals contribute more to the adsorption
amount than TOC. The reason behind this phenomenon is that the
contribution of OM to the adsorption capacity of shale does not
only depend on its content, but also on its thermal maturity (Curtis
et al., 2012; Zhao et al., 2018; Hazra et al., 2020). Wang et al.
(2019b) and Cao et al. (2021) demonstrated that the develop-
ment of OM pores and adsorption capacity of shale is controlled by
hydrocarbon generation, with the development of nanopores often
corresponding to the peak of hydrocarbon generation.
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Consequently, the role of OM in pore development and adsorption
capacity of shale gas reservoirs during thermal evolution needs to
be clarified.

Xie et al. (2021b) discussed the pore development features of
shale samples of low maturity, high maturity, and over-maturity,
respectively, and demonstrated that more OM pores are devel-
oped with higher thermal maturity. Zhang et al. (2020a) also
proved that the contribution of OM pores to porosity and con-
nectivity in higher maturity samples is greater than in lower
maturity shale samples. The coupled control of TOC and thermal
maturity on OM pores is also confirmed by thermal simulation
experiments (Hu et al., 2015; Xu et al., 2021a). Nevertheless, Miao
etal.(2017) and Tenger et al. (2021) revealed that the promotion of
thermal maturity to OM pores is not endless; the pore structure is
destroyed when reaching a certain value. Although researchers
have conducted significant scientific research on the pores and
adsorption characteristics of shale, several crucial issues still need
more systematic work: (i) Natural maturation samples and ther-
mal simulation experiments are mostly staged, ignoring the con-
tinuity of the thermal evolution process. (ii) There is a lack of
research and review on the evolution of pores and adsorption
capacity of OM perfectly covering immature to high-over maturity
(refers to R, > 2.5% in this study) stages. (iii) Quantitative research
regarding the pore development in organic debris in shale is rare.
(iv) Mutual verification of OM pore development in continuous
natural maturation samples and thermal simulation experiments
is lacking. Additionally, (v) a comprehensive pattern on the
development characteristics and control mechanism of OM pores
during diagenetic evolution is rare. Therefore, this review sys-
tematically summarizes and assesses the relevant scientific liter-
ature on the research of OM pores and adsorption capacity of
shale. The thermal evolution stages of source rocks are divided
based on R, of OM. The isothermal adsorption experimental results
of shale samples from immature to high-over maturity are
collected, and the evolution of the contribution of TOC to the
adsorption amount is discussed correspondingly. Quantitative
characterization of OM pores evolution by the surface porosity of
OM in SEM images is performed, and the natural maturation shale
samples and thermal simulation experimental results are mutu-
ally verified. Subsequently, a comprehensive evolution pattern of
OM pores and adsorption capacity of shale is established based on
the results of thermal evolution, diagenetic processes, and hy-
drocarbon generation evolution. Moreover, the current challenges
in this field are condensed, and further research direction and
potential schemes are pertinently proposed. Results from this re-
view reveal the controlling mechanism (hydrocarbon generation
type, amount, peak, reaction mechanism of OM, etc.) of OM pores
evolution, which are of specific theoretical significance for the
design of exploitation schemes of shale gas reservoirs with
different thermal maturity.

2. Development features of OM and internal pores in shale
gas reservoirs

2.1. Development of OM in global industrial shale gas reservoirs

OM is the source of oil and natural gas in shale gas reservoirs.
Hydrocarbons are generated through the cracking of OM as ther-
mal evolution proceeds, successively reaching the peak of oil and
gas generation (Fookes et al., 1990; Hunt, 1991). Additionally, OM
pores are the primary components of the pore system in shale gas
reservoirs. These pores can from throughout the hydrocarbon
generation process, including those created by hydrocarbon gen-
eration and expulsion, as well as dissolved pores formed by
organic acids (Milliken et al., 2013; Xu et al., 2021b; Xing et al.,
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2021). Therefore, TOC is a significant parameter for evaluating and
exploiting industrial shale gas reservoirs (Ross and Bustin, 2009;
Rojas et al., 2024). Shale gas is more easily enriched in contin-
uous and OM rich reservoirs (Mani et al., 2017; Ghanizadeh et al,,
2020). Peters (1986) classified the generative potential of source
rock into four grades: poor, fair, good, and very good, with TOC
values of 0-0.5, 0.5-1,1-2, and >2, respectively. Overall, TOC varies
dramatically in global industrial shale gas reservoirs (Table 1).
North America was the first region to achieve large-scale com-
mercial development of shale gas, including multiple formations
in the Appalachia, Fort Worth, and Michigan basins (Harper, 2008;
Jiao, 2019). Marcellus, Fayetteville, Barnett, Ohio, and Antrim
shales are rich in OM and have undergone thermal maturation and
hydrocarbon generation processes, leading to higher gas content in
reservoirs. Among them, the Fayetteville and Barnett shales have
high and stable TOC, resulting in the best gas content. In com-
parison, the Lewis shale in the San Juan Basin has relatively low
TOC, resulting in the lowest gas content (Table 1). In China, a
breakthrough in the Longmaxi shale gas reservoirs has been ach-
ieved, including areas such as Changning and Jiaoshiba (Long et al.,
2018; Wang, 2019). The average gas content of Longmaxi shale in
the Changning area (5.3 cm®/g) is higher than that in the Jiaoshiba
area (1.97 cm?/g). This difference in TOC (4.0% and 2.54% on
average for them, respectively) (Table 1) may be a significant
reason for this phenomenon, although gas content is also affected
by burial depth, geological tectonics, mineral composition, seal
capacity, etc. Additionally, Wang et al. (2013), Yang et al. (2016a),
Guo and Peng (2019), and Liu et al. (2019a) reported that high
TOC generally corresponds to large porosity and gas content. The
Doushantuo shale of the Sinian, Niutitang shale of the Cambrian,
and Dalong shale of the Permian are also expected to achieve
commercial exploitation. Their TOC meets the requirements for
good to very good shale gas reservoirs (Table 1) according to
Peters's classification (Peters, 1986), indicating strong hydrocarbon
generation capacity. However, the Niutitang shale in Well EY1 and
Well HY1 have the highest TOC in Table 1, with an average of 6.09%
and 5.5%, respectively, which is obviously higher than the
commercially developed Longmaxi shale. Despite this, their gas
content is the lowest (0.26% and 0.89% on average). Therefore, the

Table 1
TOC, porosity, and gas content of the global industrial shale gas reservoirs.
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abundance of OM is not the critical obstacle to their industrial
production. Compared to North America, the tectonics of China are
more complex, especially in the southern region (Xiao et al,
2015a; Dong et al., 2016). The diagenesis and hydrocarbon gener-
ation evolution processes of shale also vary significantly, and tec-
tonic transformation after gas accumulation lead to substantial
differences in gas content (Ju et al., 2014; Xiao et al., 2015a; Zhou
et al., 2022). Structural location, fault development, burial depth,
reservoir thickness, and continuity, are also important indicators
for shale gas selection, in addition to TOC (Ma, 2019; Yi et al., 2019).
Overall, TOC affects the original hydrocarbon generation capacity
of shale gas reservoirs and is a significant factor influencing gas
accumulation capacity. Commercial shale gas reservoirs generally
have high TOC values.

2.2. Typical OM pores in shale gas reservoirs

The pore classification scheme of Loucks et al. (2009) is widely
recognized, comprising OM pores, intergranular pores, intra-
granular pores, and micro-fractures. OM pores are the most
developed in industrial shale gas reservoirs and can be further
divided into several types based on origin, development location,
pore shape, connectivity, and quantity (Fig. 1). Primary pores and
secondary pores are distinguished by their origin. Primary pores
include biological reticular fiber structures, cell cavities, animal
cavities, and intermolecular micro-fractures (Fig. 1(i)~(k)). During
the thermal evolution of source rocks, primary OM pores undergo
mechanical compaction and filling with liquid OM (mainly liquid
bitumen formed during hydrocarbon generation), which gradually
deteriorates and even disappears (Lohr et al., 2015; Ghanizadeh
et al., 2020; Zhu et al., 2022). Secondary pores include hydrocar-
bon generation pores, micro-fractures, and mold pores (Fig. 1(a)-
(h), (I)~(p)). Hydrocarbon generation pores are mostly developed
at micron to nano scale, consisting of bubble-shaped pores (Fig. 1
(a)-(c), (e), (g)), honeycomb shaped pores (Fig. 1(d)), and amor-
phous pores (Fig. 1(f)). Micro-fractures include hydrocarbon gen-
eration shrinkage fractures within OM and diagenetic shrinkage
micro-fractures at the edge of OM and other minerals (Fig. 1(h)-
(1)~(0)). Mold pores are formed by the dissolution of inner

Commercial shale Basin/area/well TOC, % Porosity, % Gas content, cm>/g

North America

Marcellus Appalachian 3.0-12 - 1.7-2.8

Fayetteville Arkoma 4-9.8 2.0-8.0 1.7-6.2

Barnett Fort Worth 1.0-13 4.0-5.0 4.2-9.9

Lewis San Juan 0.45-2.5 - 0.42-1.28

Ohio Appalachian 0.5-23 2.0-11 1.7-2.83

Antrim Michigan 0.3-24 2.0-10 1.13-35

China

Niutitang Well ZD-2 0.41-5.02 (2.61) 1.95-3.72 (2.67) 0.78-4.44 (2.27)
Well ZD-1 0.53-8.72 (3.14) 1.18-3.46 (2.26) 0.18-5.58 (2.24)
Well EY1 1.02-11.15 (6.09) - 0.11-0.39 (0.26)
Well HY1 0.18-11.03 (5.5) - 0.23-1.8 (0.89)

Longmaxi Well YD-1 0.70-6.29 (2.49) 0.97-2.16 (1.65) 0.57-3.31 (1.65)
Well XD-2 0.65-8.08(1.95) 1.17-3.10 (2.36) 0.63-3.45 (1.56)
Changning 1.9-7.3 (4.0) - 3.1-7.8 (5.3)
Jiaoshiba 0.55-5.89 (2.54) - 0.44-5.19 (1.97)

Doushantuo Well ZD-1 0.72-2.91 (1.63) 1.19-3.41 (2.16) 0.47-1.50 (0.95)
Well ZD-2 0.07-1.78 (0.66) 1.42-3.93 (2.27) 0.14-1.67 (0.80)

Dalong ED-1 0.11-17.04 (5.91) 2.64-8.34 (5) 1.02-2.52 (1.85)
JD-3 1.9-9 (5.28) 0.5-8.36 (1.38) 1.51

Notes: data of shale gas reservoirs in North America refer to Montgomery et al. (2005), Bowker (2007), Jarvie et al. (2007), Carter et al. (2011), Slatt and O'Brien (2011), Shan
etal.(2015), Deng et al. (2020), and Shao et al. (2021). Data of shale gas reservoirs in China refer to Zhang et al. (2015a), Zhao et al. (2019); Zou et al. (2021), Xu et al. (2021c),

and Tao et al. (2023).
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OM pores in
animal debris
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Fig. 1. Typical OM pores in shale gas reservoirs. OM is organic matter, OMP is OM pores, MF is micro-fractures. (a) (Lower Silurian shale, Sichuan Basin) and (b) (Longmaxi shale,
Sichuan Basin) reproduced with permission from Li et al. (2020a) and Hu et al. (2020a). OM is filled among brittle minerals, oval - circular bubble OM pores developed at micron to
nano scale. (c¢) (Permian shale, Ordos Basin). Thin film OM wraps shale debris, oval - circular bubble OM pores developed at micron scale. (d) (Haynesville shale, Louisiana)
reproduced with permission from Klaver et al. (2015). Bubble OM pores densely developed in honeycomb shape. (e) (Goldwyer shale, Canning Basin) and (f) (Da'anzhai shale,
Sichuan Basin) reproduced with permission from Gao et al. (2016) and Yuan et al. (2021). Strip shaped and amorphous OM pores developed at micron to nano scale. (g) (Lower
Silurian shale, Sichuan Basin) and (h) (Permian shale, Ordos Basin) reproduced with permission from Li et al. (2020a) and Qiu et al. (2021). Pyrite is filled in OM. (i) (Niutitang
shale, Zunyi) and (j) (Wufeng-Longmaxi shale, Sichuan Basin) reproduced with permission from Tenger et al. (2021). Oval and amorphous OM pores developed in graptolite and
other animal debris. (k) (Permian shale, Ordos Basin). Micro-fractures (the length is at micron-scale and width is at nano-scale) developed among fusinite splitter and a few oval
pores developed. (1) (Yanchang shale, Ordos Basin) and (m) (Lucaogou shale, Junggar Basin) reproduced with permission from Kuang et al. (2022). Micro-fractures (the length is at
micron-scale and width is at nano-scale) developed at the edge of OM. (n) and (o) (Permian shale, Ordos Basin). Micro-fractures developed among lamellar OM. (p) (Permian

shale, Ordos Basin). Mold pores developed in OM at micron scale.

minerals, retaining the crystal shape of these minerals (Fig. 1(p)).
Different types of OM pores are characterized by distinct
morphology and structure (Nie et al.,, 2019a; Tang et al., 2019).
Pores are categorized into tubular pores, ink-shaped pores, plate
pores, stacked pores, slit pores, and mold pores based on their
morphology (Fig. 2) (Sun et al., 2020a; Wang et al., 2020a; Xie
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et al., 2022a). Hydrocarbon generation pores are mainly ink-
shaped, and can evolve into tubular pores when interconnected
(Fig. 1(a)—(d), (g), Fig. 2(a) and (b)). Certain slit pores are also
present (Fig. 1(e) and (f), and Fig. 2(e)). The morphology of micro-
fractures resembles plate pores and stacked pores (Fig. 1(k)—(o)
and Fig. 2(c) and (d)). Mold pores retain the crystal or aggregate
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Fig. 2. Skeleton model of typical pores in shale gas reservoirs. Reproduced with permission from Xie et al. (2022a).

shape of mold minerals, which may be slightly altered by
diagenesis (Figs. 1(p) and 2(f)). Higher TOC usually corresponds to
more developed nanopores, influencing pore size distribution and
enhancing the connectivity and surface complexity of OM pores
(Guo et al., 2015; Yang et al., 2019). Yang et al. (2014, 2016b)
indicated that the fractal dimension of shale pores ranges from
2.68 to 2.83, with higher TOC promoting a larger fractal dimension.
They stated that TOC improves the development of PV and SSA,
especially for micropores, while decreasing pore diameter. Hence,
rougher pore surfaces and more complex pore structures are
formed, enhancing the adsorption capacity for CHy4 (Yang et al.,
2014, 2016b).

3. Effect of TOC on shale adsorption capacity

Currently, TOC is considered the crucial factor influencing shale
adsorption capacity (Kim et al., 2017; Ye et al., 2017; Bakshi and
Vishal, 2021). Experimental and molecular simulations are
extensively employed to investigate the adsorption behavior and
mechanism of CHg in shale gas reservoirs (Yuan et al., 2014;
Psarras et al., 2017). Isothermal adsorption instruments and nu-
clear magnetic resonance instruments are widely used to analyze
shale adsorption capacity (Veselinovic et al., 2018; Aji et al., 2022).
Adsorption isotherms of CH4 in both shale and isolated kerogen are
classified as type I isotherms by the International Union of Pure
and Applied Chemistry. The adsorption amount increases with
higher experimental pressure until equilibrium is reached, but the
increments gradually decrease during this process (Li et al., 2017;
Wang et al., 2019a). The adsorption amount decreases with higher
temperature at the same pressure, and thermodynamic parame-
ters such as adsorption heat, entropy, and Gibbs free energy can be
calculated from adsorption isotherms at different temperatures
(Dang et al., 2017; Xie et al., 2023). CH4 adsorption is a phys-
isorption process with isosteric heat lower than 42 kJ/mol (Rexer
et al,, 2014; Wu et al., 2015a; Li et al.,, 2019a). It is a spontaneous,
exothermic, and enthalpy-driven process determined by positive
Gibbs free energy and negative entropy and enthalpy changes
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(Rexeretal., 2014; Wu et al., 2015a; Li et al., 2019a; Xie et al., 2023).
Additionally, the isosteric heat and adsorption entropy of isolated
kerogen are higher than those of whole shale, indicating strong
adsorption strength in kerogen (Li et al., 2018). Temperature and
pressure critically impact the thermodynamic and kinetic pro-
cesses of CH4 adsorption, varying greatly with different burial
depths or regions due to varying pressure and temperature gra-
dients (Wu et al,, 2015a; Xie et al., 2021c). Understanding these
influences is crucial for predicting in-situ gas content and pro-
moting CHy4 desorption to enhance gas recovery. Temperature in-
hibits adsorption capacity by increasing thermal motion,
molecular kinetic energy, and self-diffusion coefficient, allowing
CH4 to overcome van der Waals and electrostatic forces and escape
from adsorption sites. This results in decreased isosteric heat,
Gibbs free energy, surface potential energy, adsorption rate, and
gas residence time on pore surfaces, reducing the spontaneity,
affinity, and intensity of adsorption (Dang et al., 2017; Hu et al,,
2020b; Hao et al,, 2021). Conversely, pressure promotes adsorp-
tion capacity, having the opposite effect of temperature.
Researchers generally agree that OM is the most important
adsorption carrier of CHy in shale gas reservoirs, contributing
significantly more than clay and brittle minerals (Zhang and Fu,
2018; Wang et al., 2021). Li et al. (2017) conducted high-pressure
isothermal adsorption experiments on the Qiongzhusi shale
(Lower Cambrian) from eastern Yunnan Province, China, discus-
sing the relationships among CH,4 adsorption amount, TOC, and
pore structure parameters. Both micropores and mesopores-
macropores show positive correlations with TOC, whereas the
influence of clay and quartz content on CH4 adsorption is better
reflected after normalizing adsorption amounts by TOC (Li et al.,
2017; Wang et al,, 2019a; Xie et al.,, 2021a). Yang et al. (2014)
proposed that the adsorption capacity of shale gas reservoirs
(Lower Cambrian shale, Sichuan Basin, China) is controlled by the
SSA of micropores, primarily contributed by OM. Moreover, the
fractal dimension of shale is controlled by TOC, leading to higher
adsorption amounts and stronger adsorption capacity (Yang et al.,
2014). Chen et al. (2015), Sun and Guo (2018), and Bao et al. (2020)
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found that mesopores significantly contribute to SSA and adsorp-
tion capacity of shale, alongside micropores, whereas macropores
play a less obvious role. In contrast, Zhong et al. (2016), Qiao et al.
(2020), Liu et al. (2022a), and Xie et al. (2021b) found that clay
content contributes more significantly to pore parameter or
adsorption capacity than OM, due to their samples having low
thermal maturity, low TOC or similar TOC characteristics. This
study tests the adsorption capacity of Cretaceous shale gas reser-
voirs using isothermal adsorption instruments, discussing the
contribution of TOC to shale adsorption capacity. A negative linear
correlation is observed between TOC and Langmuir volume (VL),
with clay minerals being the main contributors to shale adsorption
amounts. The negative correlation or lack of clear correlation is
attributed to the lower thermal maturity stage and poor devel-
opment of OM pores in these samples (Fu et al., 2015; Cavelan
et al., 2019; Zhang et al., 2020b). Thermal maturity plays a
crucial role in the development of OM pores and enhances shale
adsorption capacity (Tang et al., 2015b; Hu et al., 2015; Xu et al.,
2021a). Therefore, it is necessary to clarify the evolution of OM
pores and adsorption capacity in shale gas reservoirs during
thermal evolution.

Experimental simulation of CH4 adsorption have greatly
advanced the understanding of CH4 adsorption behavior in shale
gas reservoirs. However, several drawbacks affect the accuracy and
precision of these simulation results: (i) the crushing or grinding
process of samples can damage the pore-structure system of the
reservoir to some extent. It remains controversial whether powder
samples (mostly at 80-100 mesh) accurately represent continuous
shale gas reservoirs. (ii) The small sample size required for ex-
periments (mostly less than 10 g) makes it difficult to ensure the
accuracy of adsorption calculations, including sample volume/
mass, blank tests, buoyancy tests, and free volume tests. (iii) The
evolution of temperature and pressure in real shale gas reservoirs
is dynamic. However, experiments typically set a fixed tempera-
ture and gradually increase pressure, ignoring their coupled ef-
fects. (iv) Diverse methods for correcting excess adsorption to
absolute adsorption, such as bulk density calculations (using NIST
database and Setzmann-Wagner formula (Setzmann and Wagner,
1991; Chen et al., 2020b)) and adsorption phase density calcula-
tions (using intercept method or boiling point density (Sircar,
1999; Rexer et al., 2013; Zhou et al., 2016; Gao et al., 2018) lead
to varying results. An authoritative scheme is needed. To address
these issues, it is necessary to explore effective diffusion methods
for CH4 into bulk shale, and develop dynamic models of temper-
ature and pressure in isothermal adsorption instruments. These
models should automatically adjust to in-situ conditions based on
temperature gradients, pressure gradients, and other reservoir
parameters. Neutron Scattering Spectrometer is a potential tech-
nique for accurately calculating adsorption phase density and bulk
density, although its application is limited by the difficulty of
adjusting neutron flux.

4. Thermal evolution and its influence on the adsorption
capacity of shale gas reservoirs

Clay is another significant adsorption carrier of CHy in shale gas
reservoirs besides OM (Glorioso and Rattia, 2012; Dastidar et al.,
2025), with its content ranging from 12% to 78.9% in global com-
mercial shale gas reservoirs (Xie et al., 2022a). Clay minerals
contribute significantly to pore structure and adsorption capacity,
although their proportion decreasing with further diagenetic
evolution (Wu et al., 2015b; Dowey and Taylor, 2020). The type,
crystal structure, and pore structure of clay minerals are altered by
mechanical compaction chemical compaction. Porosity and con-
nectivity may also be affected by cementation, dissolution and

3972

Petroleum Science 22 (2025) 3967-3990

recrystallization (Xie et al., 2021b; Jin et al., 2021). Additionally,
OM and clay minerals in shale are often closely combined, some-
times a mosaic pattern, leading to pore blocking and filling in both
OM and clay mineral pores, resulting in a more complex pore
system (Rexer et al., 2013, 2014; Luo et al., 2019). The evolution of
OM and the transformation of clay minerals interact, exhibiting
catalytic or inhibitory effects on the evolutionary process through
the discharge of interlayer water and cations (Xie et al., 2021a,
2022a). Moreover, geological conditions such as burial depth,
pressure, and temperature gradients in different sampling areas
significantly influence pore structure and adsorption capacity (Wu
et al., 2015b; Boruah et al., 2019; Xie et al., 2021c; Chandra et al.,
2023). Therefore, it is necessary to eliminate the influence of
these factors when discussing the contribution of OM to pore
structure and adsorption capacity in shale gas reservoirs. To ach-
ieve this, shale samples at the same maturity stage are mostly
collected from the same formation, basin, and study area, and
located in the same borehole or profile as much as possible. The
sedimentary background and diagenetic evolution process of shale
are consistent, and the composition, crystal structure, and pore
structure of clay minerals are similar. Nevertheless, there is vari-
ability in the clay content of different samples. In the pyrolysis
experiments (Section 4.2.2), the same sample was used to discuss
the influence of thermal evolution on the pore structure of OM,
effectively avoiding the influence of differences in clay minerals.

4.1. Relationship between V; and TOC at different thermal maturity

Undoubtedly, OM pores are crucial for the accumulation of
shale gas, and their development is controlled by thermal maturity
(Misch et al., 2016; Sun et al., 2019a). As mentioned above, OM
affects the pore structure and gas storage capacity of shale through
thermal evolution and hydrocarbon generation. OM pores provide
significant PV and SSA, and the contribution of TOC to CHyg
adsorption varies across shale samples at different thermal evo-
lution stages (Ross and Bustin, 2009; Bakshi et al., 2018; Boruah
et al., 2019). Adsorption experiments on 48 shale samples with
R, ranging from 0.46% to 4.25% (from immature to high-over
maturity stage) were conducted to explore the changes in TOC
contribution to adsorption at different thermal maturity stages
(Table 1). The classification of thermal evolution stages follows
Tissot et al. (1987): immature stage (R, < 0.5%), low maturity
stage (R, = 0.5%-1.3%), high maturity stage (R, = 1.3%-2.0%), over
maturity stage (R, = 2.0%-2.5%), high-over maturity stage (in-
cludes two stages of Ry = 2.5%-3.5% and >3.5%). The V| represents
the theoretical adsorption capacity of shale.

In immature shale samples, V; ranges from 0.32 to 0.41 cm’/g
(0.35 cm>[g average) with TOC ranging from 1.61% to 5.26% (3.26%
average) (Table 2). No significant correlation is observed between
Vv, and TOC, with data being disorderly distributed (R*> = 0.088)
(Fig. 3). OM pores are poorly developed at this stage, and the pore
structure is dominated by intergranular primary pores of inorganic
minerals, especially clay minerals (Liu et al., 2017a; Zhang et al.,
2018a). Mechanical compaction has a greater influence on pores
than the thermal evolution of OM (Zhao et al., 2017; Wang et al.,
2020b; Xie et al., 2022a). In low maturity shale samples, Vi
ranges from 0.829 to 1.081 cm?/g (0.952 cm?/g average) with TOC
ranging from 0.5% to 1.58% (1.0 % average) (Table 2). A weak
negative linear correlation is observed between Vi and TOC
(R? = 0.088) (Fig. 3). At this stage, a large number of liquid hy-
drocarbons are generated, and OM pores gradually form. However,
the presence of crude oil and the filling of liquid OM may occupy
OM pores (Loucks et al., 2012; Ma et al., 2017a; Nie et al., 2021).
Overall, shale was consolidated affected by mechanical compac-
tion with particles being linear - concave-convex contact, resulting
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Table 2

Control of TOC on shale adsorption capacity at different thermal evolution stages.

High-over maturity shale, data from

Over maturity shale, data from

Chen et al. (2019)

High maturity shale, data from

Liu et al. (2013a)

Low maturity shale

Immature shale, data from

Mishra et al. (2021)

Sun et al. (2015), and Ma et al. (2015)

Ro>3.5%

2.5%-3.5%
Sample ID TOC, %

Ro

1.3%-2.

Ro

Ro = 0.5%-1.3%

R, < 0.5%

Vi, cm’/g

1.7
1.19
1.23
141
1.27
1.2
1.1

Sample ID TOC, %

Vi, cm’/g

3.34
243
4.36
5.04
2.01
1.83
2.62
5.23
1.99

Vi, cm®/g

1.36
1.95
247
1.45
1.34
1.05
2.63
3.16
1.84
234

Sample ID TOC, %

Vi, cm®/g

2.46
3.96
4.82
2.03
1.96
2.4

1.58
3.16

Sample ID TOC, %

Vi, cm®[g
0.956

Sample ID TOC, %

Vi, cm®[g

0.34
0.34
0.32
0.32
0.34
0.38
0.41
0.37

Sample ID TOC, %

CG1302

4.7

C1-17

3.76
3.66
6.23
9.83
1.15
0.36
2.81
9.74

1.19

S-18
S-65
S-20
S-41
S-38
S-36
S-66
S-60
S-26

0.75
2.04
2.52
1.63

ND-1

2.37
7.28
10.05

L-7

0.66
0.5

DS-1

3.52

2.7
4

C1-20
C1-22
C1-23

C1-31
C1-33
C1-36

ND-2

L-12

1.058
0.956

DS-2

4.24

CG1306
CG1312

ND-3

L-13
L-15

0.5

1.58
1.24
1.53

DS-3

3.96

4.5

ND-4

1.77
0.79
1.07
0.91
4.15

0.829
0.829
1.081

DS-4

1.85

CG1313

24

0.813

ND-5

L-16
L-17

DS-5

1.74

CG1314

0.427
291
4.16
1.89
2.38

ND-6

DS-6

5.26

CG1315

23

ND-7

L-19
L-21

3.89

CG1319

ND-8

61

1.

CG1321

ND-9

ND-10

Note: because less research on the adsorption capacity of immature shale was published, R, of partial immature shale samples ranges from 0.5% to 0.55%.
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R?=0.088
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Fig. 3. The correlation of TOC and Vi in shale gas reservoirs at different thermal
evolution stages. OM is immature (R, < 0.5%), low mature (R, = 0.5%-1.3%), high
mature (R, = 1.3%-2.0%), over mature (R, = 2.0%-2.5%), and high-over mature
(Ro = 2.5%-3.5% and >3.5%, respectively), respectively. Data to generate this figure
were collected from Mishra et al. (2021), Liu et al. (2013a), Chen et al. (2019), Sun et al.
(2015), and Ma et al. (2015).

in serious reduction of primary porosity (Li et al., 2019b; Lu et al.,
2022). Besides, the interlayer pores of clay minerals were further
reduced with the transformation from smectite to illite and
discharge of interlayer water (Zhu et al., 2018a; Wang and Guo,
2020; Ma and Guo, 2021). The iron released in this process
formed carbonate and silicate cements, leading to the formation of
secondary enlarged edge of quartz, which plays a negative role in
porosity (Dowey and Taylor, 2020). Nevertheless, the contribution
of inorganic mineral pores is still greater than OM pores at this
stage. In high maturity shale samples, the adsorption capacity
increases significantly (Table 2). Vi ranges from 1.58 to 4.82 cm’/g
(2.80 cm®/g average) with TOC ranging from 0.79% to 10.05%
(3.55% average). A clear positive linear correlation is observed
between Vi and TOC (R* = 0.9569) (Fig. 3). At this stage, a large
number of gaseous hydrocarbons are generated, and OM pores are
well developed (Yin et al., 2017; Song et al., 2020). Due to the
impact of mechanical and chemical compaction, inorganic mineral
porosity was further decreased, and OM pores began to dominate
(Nie et al., 2019b; Liu et al., 2020). Additionally, organic acids
produced in hydrocarbon generation process dissolved inorganic
minerals and cements in mineral pores, forming some secondary
dissolution pores. In over maturity shale samples, dry gas is
generated, and OM pores are further developed (Chen et al., 2017;
Wei et al., 2019; Li et al., 2019¢). Vi ranges from 1.05 to 3.16 cm/g
(1.96 cm?/g average) with TOC ranging from 0.43% to 4.16% (1.95%
average). A clear positive linear correlation is observed between Vi
and TOC (R?> = 0.9526) (Fig. 3). In the high-over maturity stage
(Ro = 2.5%-3.5%), the peak of dry gas generation is reached, and OM
pores are extremely well developed (Liu et al., 2019b, 2022b; Xi
et al,, 2022). The adsorption capacity of shale further increases,
and V| rises linearly with higher TOC (R? = 0.9551) (Fig. 3). Illiti-
zation of smectite proceeded with removal of the last structural
water and the continuous mechanical compaction, resulting in the
pore size and porosity of minerals were further reduced (Higgs
et al,, 2007; Shalaby et al., 2014). However, the occurrence of py-
rite, quartz, and carbonate supports and protects the intergranular
and intragranular pores of clay minerals to some extent through
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resisting mechanical compaction (Lai et al., 2015; Wei et al., 2020).
Diagenesis of cementation, dissolution, metasomatism, and
recrystallization occur widely in the thermal evolution process of
shale gas reservoirs. Among them, recrystallization consists
mainly of the secondary enlargement of clastic quartz and the
transformation of amorphous siliceous minerals to authigenic
quartz, both of them are negative to pore development (Heald,
1950; He et al., 2017). Dissolution is constructive to the forma-
tion of secondary pores, which mainly occurs in carbonate min-
erals or potassium feldspar, whereas the organic acid has also a
certain impact on clay minerals (Baruch et al., 2015; Elkady and
Kovscek, 2020). The influence of metasomatism on pore struc-
ture is complex due to the dissolution of original minerals and the
formation of new minerals. When thermal maturity further in-
creases (Ry >3.5%), gas generation stops, molecular orientation of
OM increases, adsorption heat decreases, and pore development
worsens (Wang et al., 2016; Luo et al,, 2017; Li et al.,, 2020b).
Nevertheless, TOC still maintains a positive correlation with Vi
(R? = 0.6359), although the adsorption capacity and goodness of fit
decrease dramatically (Table 2 and Fig. 3). Additionally, a promi-
nent positive linear correlation is observed between TOC and V; for
R, values from 1.3% to 3.5% (the pink oval area in Fig. 3), despite
samples being collected from different basins with significant
component and structure heterogeneity. This confirms the critical
contribution of continuous hydrocarbon generation from high
maturity to high-over maturity stages to shale pore structure and
adsorption capacity.

Several factors affect the influence of TOC on shale adsorption
capacity: (i) Although the selected shale samples are in the same
thermal evolution stage, R, clearly varies among samples. (ii) The
contribution of OM to adsorption capacity is based on intact shale,
ignoring the effects of mineral composition. (iii) The sedimentary
background and evolution process of the selected samples differ,
resulting in various formation and preservation processes of OM
pores, including the sealing capacity of roof and floor strata, the
support of rigid minerals and fluid pressure on mechanical
compaction. (iv) The macerals of shale samples with different
sedimentary backgrounds are distinct, leading to different hy-
drocarbon generation and pore-forming abilities. Instead of
selecting shale samples from different basins, the thermal matu-
rity of shale within the same formation of the same sedimentary
basin may show a gradation due to differences in tectonic subsi-
dence or proximity to magmatic intrusion areas. This approach
allows for a better discussion of TOC's contribution to shale
adsorption capacity while avoiding the influence of the afore-
mentioned factors.

4.2. Evolution of the pore structure of OM during the thermal
maturation process

4.2.1. Evolution of the pore structure of OM in natural maturation
series

During OM maturation, OM pores are formed alongside hy-
drocarbon generation, which alters the adsorption capacity of
shale gas reservoirs by providing accumulation space and
adsorption sites for CH4 (Curtis et al., 2013; Lohr et al., 2015). A
total of 24 SEM images of shale samples, ranging from immature to
high-over mature were collected (Fig. 4). Image ] software was
utilized to extract the surface porosity (the ratio of the area of OM
pores to the area of OM in SEM images) for each image (Fig. 5 and
Table 3). Subsequently, the evolution of pore type, pore
morphology, pore size, and surface porosity in shale gas reservoirs
was quantitively discussed. In immature shale samples (Fig. 4(a)-
(d), 5(a)-(d)), gas generation pores are poorly developed. A certain
amount of micro-fractures (mostly diagenetic fractures
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independent of hydrocarbon generation, with micron-scale length
and nano-scale width) developed within OM and at the edges of
OM and other minerals (Fig. 4(a)-(d), 5(a)-(d)). Some dissolved
pores (mainly nano-scale) developed within OM (Fig. 4(c) and 5
(c)). These pores are formed by the shrinkage and dissolution
associated with diagenesis and OM evolution (Zhang et al., 2019,
2021). The surface porosity ranges from 0 to 2.62%, with an
average of 0.86% (Table 3 and Fig. 6(a)). In low maturity shale
samples, significant amounts of liquid hydrocarbons are gener-
ated, leading to the development of certain hydrocarbon genera-
tion pores (mostly elliptical and amorphous beaded isolated pores
with poor connectivity at micron to nano scale) and micro-
fractures (Fig. 4(e)-(h), 5(e)-(h)). However, not all OM develops
hydrocarbon generation pores, and some pores are difficult to
recognize due to the filling of liquid OM (Loucks et al., 2012; Ma
et al., 2017b; Nie et al., 2021). The surface porosity gradually in-
creases, ranging from 1.04% to 4.51% (2.86% average) (Table 3 and
Fig. 6(a)). In high maturity shale samples, gaseous hydrocarbons
(wet gas and condensate gas) are generated, and hydrocarbon
generation pores at micro to nano scale are well developed (Fig. 4
(i)—(1), 5(i)—(1)). Additionally, isolated OM pores begin to connect
(stronger hydrocarbon generation causes the pores to start con-
necting with each other, still dominated by elliptical and amor-
phous pores) at this stage (Fig. 4(j)—(1), 5(j)—(1)), which is significant
for the accumulation and migration of shale gas (Liu et al., 2018;
Song et al., 2020). Surface porosity further increases, ranging
from 3.25% to 6.19% (4.72% average) (Table 3 and Fig. 6(a)). In over
maturity shale samples, massive dry gas is generated, and the
connected OM pores at micro to nano scale are well developed
(Fig. 4(m)—(p), 5(m)—(p)). The connectivity of shale pore system is
greatly improved at this stage (He et al., 2017; Chen et al., 2017),
consisting of the interconnection of elliptical beaded forms elon-
gated pores, the continuous expansion of elliptical pores, and the
wide development of small pores embedded within large pore. The
surface porosity is dramatically increased, ranging from 9.15% to
29.59% (19.01 average) (Table 3 and Fig. 6(a)). As OM evolves to
high-over maturity (R, = 2.5%-3.5%), the peak of dry gas genera-
tion is reached (Stevens et al., 2013; Jin et al., 2018). More hydro-
carbon generation pores (mainly nano-scale) develop with
particularly good connectivity, further enhancing the three pore
connectivity patterns mentioned above (Fig. 4(q)-(t), 5(q)-(t)).
Surface porosity reaches its maximum, ranging from 16.17% to
43.19% (average 28.52%) (Table 3 and Fig. 6(a)). However, when OM
maturity further increases (R, > 3.5%), hydrocarbon generation
ends, and excessive aromatization destroys the original OM pores
(Zhao et al., 2016; Guo et al., 2020; Sun et al., 2020a). Surface
porosity declines, ranging from 3.17% to 24.42% (13.27 average)
(Table 3 and Fig. 6(a)). It should be noted that while SEM images of
shale samples at different thermal maturity stages can intuitively
characterize the evolution of OM pore morphology and structure,
several limitations affect accuracy. (i) SEM observation is regional
and qualitative to semi-quantitative, making it difficult to
comprehensively characterize OM pore development in shale. (ii)
Macropores and mesopores can be identified by SEM, whereas
micropores cannot be effectively characterized. Researchers have
observed and tested the pore structure of kerogen isolates, dis-
cussing the relationship between thermal maturity and pores
(Craddock et al., 2020; Suekuni et al., 2022). Kerogen can be iso-
lated from shale gas reservoirs through demineralization to
remove quartz, feldspar, clay minerals and pyrite, with soluble OM
removed by organic solvents (Suleimenova et al., 2014; Craddock
et al., 2020; Suekuni et al., 2022). Additionally, critical-point dry-
ing is used to replace oven drying to avoid pore collapse caused by
the latter method (Sun et al., 2019b; Suekuni et al., 2022). Low-
temperature CO, and N, adsorption experiments, SEM, and
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Fig. 4. Evolution of OM pores during the hydrocarbon generation in natural maturation series. OM is organic matter, OMP is OM pores. (a)-(d) reproduced with permission from
Liu et al. (2017b), Mastalerz and Schieber (2017) and Shao et al. (2020). OM is immature, some micro-fractures (the length at micron-scale and width at nano-scale) are developed
at the edge of OM and a few dissolved pores developed mainly at nano-scale. (e)-(h) reproduced with permission from Chang et al. (2022), Luo and Zhong (2020), Shao et al.
(2020) and Gao et al. (2016). OM is in low maturity stage, some micro-fractures (the length at micron-scale and width at nano-scale) are developed at the edge of OM and
certain hydrocarbon generation pores developed at micron to nano scale. (i)-(l) reproduced with permission from Yu et al. (2022), Igbal et al. (2021), Shi et al. (2015) and Shao
et al. (2020). OM is in high maturity stage, hydrocarbon generation pores developed at micron to nano scale. (m)-(p) reproduced with permission from Klaver et al. (2015), Park
et al. (2021) and Wang et al. (2020c). OM is in over maturity stage, hydrocarbon generation pores widely developed at micron to nano scale. (q)-(x) reproduced with permission
from Chang et al. (2022), Hu et al. (2020a), Yang and Bao (2017), Zhang et al. (2020b) and Sun et al. (2020b). OM is in high-over maturity stage, hydrocarbon generation pores
widely developed at micron to nano scale.

3975



W.-D. Xie, X.-E. Fu, H.-X. Wang et al.

Petroleum Science 22 (2025) 3967-3990

w

2

X
High-over maturity stage

R, | e Organic matter pores in SEM pictures \
| 1l ]
(a) (b) (c) L (d) '
o 5
[}
o N
5 »
/ h
£
5um 2 um j 4 500 nm 2 um
05% | )
ey ’ ~- \ \ E - ) f
(e) i M & (@) < T o) e
g I e s :
@ - P . : ’
@ e . - g - .’ . - .. o
= } . S N 2 . ™ . .
5 ¢ ity e " g D LT e . o
© ' N 3 . N ‘ o " e '
£ t 2 e %
A I S IR
ﬁ 7 { /I/‘/ R . P - B ‘ :, . . ” . ‘: ‘(,.“ ';
/ i 4 * ‘e @ <~
) um - -~ _ 2.00_n'm 1 pmﬂ [y 20 pm
1.3% | '
i 2 : Nt Y
o TN 0 ] W L
% \ AT g LR - !
& - W \ ‘ ~ . .. e
1] . r<3 D -y
> . N ¥ . o
§ . - ar- N e w0
2 [N ..4\ < ‘- _ “ b
1S ' ;’ - R ’ s
£ . TN, - s .
£ ¢ o ® awpaRss T -t o4 Lo,
N2 ’!l'\‘ L 2o 2000 L . . J- 7'500 nm
2.0%
(0]
(o))
@
»
2
Ei
@
1S
5]
>
(]
2.5%

:7'!;:-.;‘.‘..(".,‘.~.'1'-.i '

Fig. 5. Extraction and surface porosity calculation of OM pores in Fig. 4.

neutron scattering tests were employed to qualitatively and
quantitatively characterize the pore structure of kerogen. PV and
SSA of kerogen increase, systematically with higher thermal
maturity, closely related to the oil and gas generation process
(Craddock et al., 2020; Chiang et al., 2020; Suekuni et al., 2022).
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Note that although various demineralization processes and drying
techniques were used to preserve the original morphology, these
separation techniques still damaged the original pore structure of
kerogen to some extent.
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Table 3
Surface porosity variation of organic matters in Fig. 4 during natural maturation process.
Sample ID SP, % Sample ID SP, % Sample ID SP, % Sample ID SP, % Sample ID SP, % Sample ID SP, %
(a) 0 (e) 3.07 (i) 5.80 (m) 9.15 (q) 43.19 (u) 5.37
(b) 0 (f) 2.81 ) 6.19 (n) 11.72 (r) 35.52 (v) 3.17
(c) 2.62 (g) 1.04 (k) 3.65 (o) 29.59 (s) 16.17 (w) 20.13
(d) 0.81 (h) 451 ) 3.25 (p) 25.57 (t) 19.22 (x) 24.42
Average 0.86 Average 2.86 Average 4.72 Average 19.01 Average 28.52 Average 13.27
SP is surface porosity.
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Fig. 6. Surface porosity evolution of OM in shale gas reservoirs. (a) and (b) are in natural and pyrolysis maturation series, respectively.

Moreover, these natural maturation samples were collected
from different study areas, with various structural position, sedi-
mentary background, and mineralogical composition, which have
significant influence on the pore evolution of shale gas reservoirs.
Zhu et al. (2018b) analyzed the relationship between tectonism
and pore structure of the Lower Cambrian Lujiaping shale, and
indicated that the porosity is positively correlated with brittle
deformation, whereas negatively correlated with ductile defor-
mation. Meanwhile, the mixing of OM and inorganic minerals has
also an important impact on gas storage and migration pathways,
especially for clay minerals. Cheng et al. (2024) stated that the
ductile deformation promotes large-aperture transitional pores,
mesopores, and small-aperture macropores, but inhibits small-
aperture transitional pores, large-aperture macropores, and frac-
ture pores. Yang et al. (2025) investigated the influence of lith-
ofacies on the inflection-point of pore structure evolution, and
suggested that the siliceous minerals could effectively prevent OM
pore collapsing. Therefore, this kind of lithofacies shale has a slow
porosity attenuation compared with other lithofacies. Conse-
quently, the influence of above factors on OM pore evolution in
natural maturation samples cannot be avoided, whereas pyrolysis
experiments based on the same samples are effective methods.

In addition to SEM observation, high-pressure mercury intru-
sion and low-temperature gas adsorption experiments were uti-
lized to indirectly characterize the pore structure development in
shale gas reservoirs (Tripathy et al., 2019; Mazumder et al., 2024).
High-pressure mercury intrusion is advantageous for describing
macropores, whereas low-temperature gas adsorption is more
suitable for characterizing micropores and mesopores. Cao et al.
(2022) combined these technologies to characterize the pore
structure parameters of shale gas reservoirs at low maturity, high
maturity, and over maturity stages. The PV of these three types of
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samples ranges from 0.011 to 0.018 cm?/g (average 0.015 cm?/g),
0.015-0.047 cm?/g (average 0.031 cm?/g), and 0.004-0.058 cm?/g
(average 0.035 cm’/g), respectively. The SSA ranges from 2.2 to
3.92 m?/g (average 2.96 m?/g), 6.63-33.12 m?/g (average 17.55 m?/
g), and 2.24-59.67 m?/g (average 32.02 m?/g), respectively. Both
PV and SSA increase with higher maturity. Additionally, the
goodness of fit for PV and SSA versus TOC also improves with
higher maturity. Xie et al. (2021b) observed a similar phenome-
non, indicating that the contribution of OM becomes more sig-
nificant with higher maturity based on shale samples at different
thermal evolution stages. These findings are consistent with sta-
tistical results from SEM images, confirming the reliability of the
above conclusions through mutual verification.

4.2.2. Evolution of pore structure of OM in pyrolysis experiment
series

The continuous evolution of source rock from immature to over
mature can be simulated through thermal simulation experi-
ments, which help avoid the influence of differences in diagenetic
evolution, mineral composition, and maceral of OM (Topor et al.,
2017; Khatibi et al., 2018; Shao et al., 2020; Xu et al., 2021d).
This process is extensively used to simulate hydrocarbon genera-
tion and pore evolution, especially after the compensation effect of
temperature on time in OM pyrolysis was discovered by Waples
(1980) and Welte and Tissot (1984). In the simulation system, a
rock pyrolysis instrument or thermal simulator is used to simulate
the thermal evolution of OM under in-situ strata conditions. A gas
chromatograph/mass spectrometer identifies hydrocarbon com-
ponents, and SEM observes the pore morphology and structural
characteristics of shale samples after simulation (Zhou et al., 2018;
Correia et al., 2018; Kang et al., 2020). Reaction systems are clas-
sified as open, semi-closed, or closed based on their openness (Wu
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et al., 2019; Zheng et al., 2020; Song et al., 2021). In an open sys-
tem, hydrocarbons are immediately discharged upon production;
in a closed system, hydrocarbons undergo secondary cracking
(Han et al., 2019; Gajica et al., 2022). The semi-closed system,
which undergoes episodic hydrocarbon expulsion, closely mimics
to the natural evolution of hydrocarbon generation (Cao et al,
2021; Wang et al., 2022). A total of 30 SEM images of shale sam-
ples (covering immature to high-over maturity stages) after ther-
mal simulations were collected (Figs. 6 and 7). The corresponding
surface porosity of OM pores was also extracted (Table 4), and the
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evolution of OM pores was discussed. Almost no OM pores were
detected in immature shale samples (Figs. 6(p) and 7(p), Table 4).
Certain OM pores developed in low maturity shale samples,
including micro-factures (with micron-scale length and nano-
scale width) and hydrocarbon generation pores (mainly nano-
scale) (Fig. 7(a)-(c), (f)-(h), (k)-(m), and (q)). Their surface
porosity varied greatly, ranging from 0 to 12.77% (average 6.58%)
(Figs. 6(b) and 8(a)—(c), (f)-(h), (k)<(m), and (q), and Table 4). OM
pores are well developed in high maturity samples, dominated by
hydrocarbon generation pores at micro to nano scale (Fig. 7(d)-(o),

Organic matter pores in SEM pictures Fr"'_

Ticroractures in OV g
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Increasing diagenetic stage
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Fig. 7. Evolution of OM pores in thermal simulation experiments. OM is organic matter, HG is hydrocarbon generation, and MF is micro-fractures. (a)-(e) are the Mesoproterozoic
Xiamaling Formation shale samples (Yanliao Depression, Northern China) with a type I kerogen, which were reproduced with permission from Shi et al. (2018). (f)-(j) are Jurassic
Yanan Formation shale samples (Western Edge Thrust Belt, Ordos Basin) with a type III kerogen, which were reproduced with permission from Wang and Guo (2019). (k)-(0) are
Paleogene Shahejie Formation shale samples (Dongying Depression, Bohaiwan Basin) with a type II; kerogen, which were reproduced with permission from Sun et al. (2019b).
(p)-(t) are Devonian to Mississippian New Albany shale samples (Illinois Basin) with a type I or II kerogen, which were reproduced with permission from Valentine et al. (2021).
(q)-(x) are Permian Dalong Formation shale samples (Lower Yangtze Area) with a type I or I kerogen, which were reproduced with permission from Wang and Cao (2016).
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Table 4
Surface porosity variation of organic matter in Fig. 7 at the evolution process of thermal simulation experiments.
SID SP, % SID SP, % SID SP, % SID SP, % SID SP, % Average, %
(a) 8.76 (f) 5.66 (k) 0 (p) 0 (u) 3.86 0 (Ry<0.5 %)
(b) 7.62 (g) 12.06 M 261 (q) 0.99 W) 9.06 6.58 (R, = 0.5 %-1.3 %)
() 3.99 (h) 0 (m) 12.77 (r) 1.11 w) 23.72 5.86 (R, = 1.3 %-2.0 %)
(d) 12.68 @ 9.32 (n) 15.22 (s) 479 (x) 38.50 11.19 (R, = 2.0 %-2.5 %)
(e) 15.11 G) 5.55 (0) 6.88 (t) 12.92 23.76 (Ro = 2.5 %-3.5 %)
SID is sample ID, SP is surface porosity.
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Fig. 8. Extraction and surface porosity calculation of OM pores in Fig. 7.

(1), (s), and (u)). Their surface porosity also varied greatly, ranging
from 1.11% to 12.68% (average 5.86%) (Figs. 6(b) and 8(d), (o), (1),
(s), and (u), and Table 4). In the over maturity stage,
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hydrocarbon generation pores at nano-scale are widely developed
and begin to connect (Fig. 7(e)—(j), and (t)). The surface porosity
increases significantly, averaging 11.19% (Figs. 6(b) and 8(e), (j), and



W.-D. Xie, X.-E Fu, H.-X. Wang et al.

(t), and Table 4). The evolution process in high-over maturity
(R, = 2.5%-3.5%) greatly improves the generation of OM pores,
with surface porosity dramatically increasing, ranging from 9.06%
to 38.5% (average 23.76%) (Figs. 6(b) and 7(v)~(x) and 8(v)-(x),
Table 4). However, the pore structure (mainly reflected in the
gradual enlargement of pore size with deeper evolution (Fig. 7(v)-
(x))) differs from that in the same stage of natural evolution series
(beaded and honeycomb OM pores are densely developed in Fig. 4
(q)—(t)). No SEM images of high-over maturity shale (refers to
R, > 3.5%) were collected in the thermal simulation experiments,
but Tan et al. (2021) and Xu et al. (2021d) suggested that pore
volume decreases significantly in the high-over maturity stage.
Overall, there is a similar pattern in the evolution of OM pores
during natural maturation and thermal simulation. However, pore
morphology, structure, and surface porosity vary significantly. OM
pores in over maturity natural maturation samples are widely
developed and interconnected, with greater surface porosity. In
contrast, OM pores in thermal simulation samples may develop
more centrally, with lower connectivity and surface porosity.
Although thermal simulation experiments have clear advan-
tages in the continuity of OM evolution, some drawbacks affect the
accuracy and reliability of the results: (i) high experimental tem-
peratures provide specific compensation for reaction time, but
cannot fully offset the negative effects of insufficient pyrolysis and
hydrocarbon generation reactions, altering the dynamic process
and production components of hydrocarbon generation (Acikalin,
2011; Valentine et al., 2021). OM pores may develop at a single
point rather than multiple points (Fig. 7(u)-(x)). Additionally, the
surface porosity of OM in thermal simulations is generally lower
than that of natural maturation shale samples (Tables 3 and 4). (ii)
The dynamic characteristics and coupled effects of temperature
and pressure in real shale gas reservoirs are ignored, as experi-
ments are usually conducted at a fixed pressure. (iii) The influence
of diagenesis (mechanical compaction, dissolution, and cementa-
tion) on OM pores and mineral catalysis (mainly smectite and
illite) on the hydrocarbon generation process is not fully consid-
ered. (iv) It is challenging to set the hydrocarbon expulsion
amount and process in the semi-closed system to accurately
reflect the real geological history. (v) There are significant differ-
ences in R, corresponding to the same experimental temperature
in different studies (Ma et al., 2017b; Shi et al., 2018), leading to
distinct development characteristics of OM pores. (vi) Shale sam-
ples are prone to rupture due to high temperature and pressure
during thermal simulations (Sun et al., 2017; Qu et al., 2017),
complicating SEM sample preparation for pore observation. Dy-
namic experimental temperature, pressure, and other environ-
mental conditions could be set according to paleoenvironment
and the physicochemical properties of the water medium, better
simulating the influence of hydrocarbon generation and diagen-
esis on the evolution of OM pores in the real diagenetic process.
Reaction systems of pyrolysis experiments include open, semi-
closed, and closed based on their openness (Wu et al., 2019; Zheng
etal., 2020; Song et al., 2021). In an open system, hydrocarbons are
immediately discharged upon production, which was mostly used
to analyze the maturity and porosity evolution; semi-closed sys-
tem is available to describe the episodic hydrocarbon expulsion of
OM; and closed system can well characterize the secondary
cracking of hydrocarbons (Han et al., 2019; Cao et al., 2021; Gajica
et al., 2022; Wang et al.,, 2022). Moreover, the differences in
aqueous or anhydrous pyrolysis, the parameters setting of tem-
perature points, heating rate, simulation time and pressure, also
lead to different evolution processes of OM pores (Sun et al.,
2019b; Shao et al., 2020; Hou et al., 2025). Besides, OM in their
pyrolysis experimental shale samples comprises type I, II, and III
kerogen, with the former two were mainly developed in marine
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and continental shale gas reservoirs, and the last was mostly found
in marine-continental transitional reservoirs. Besides the influ-
ence of thermal maturity, different types of OM with diverse
chemical structure impact also crucially to the pore structure
(Ungerer et al., 2015; Tian et al., 2017). According to the ratio of H
and C, and O and C, OM is divided into four types of I (mainly from
various types of algae, H/C > 1.25 and O/C < 0.15), Il (mainly from
marine planktonic organisms, H/C < 1.25 and O/C in the range of
0.03-0.18), Il (mainly from higher plant, H/C < 1 and O/C in the
range of 0.03-0.3), and IV (mainly polycyclic aromatic hydrocar-
bons, and H/C < 0.5), and shale gas reservoirs mainly contain the
former three (Van Krevelen, 1950, 1984; Ma et al., 2018; Donadelli
et al.,, 2019). Type I and Il kerogen are prone to generating a lot of
liquid hydrocarbons and partial are remained in shale pores.
Subsequently, with deepening thermal evolution, the remained
liquid hydrocarbons undergo secondary cracking to form a large
amount of gas, leading to rapid expansion of pore space in OM and
the formation of OM pores (Barker, 1990; Zhang et al., 2014). On
the other hand, Tian et al. (2017) and Huang et al. (2018) suggested
that the structure pore inner type Il kerogen is the most devel-
oped, which is different from the trend of hydrocarbon generation
pores. Additionally, higher TOC usually corresponds to more
developed nano pores, which influences the pore size distribution
and enhances the connectivity and surface complexity of OM pores
(Guo et al, 2015; Yang et al., 2019). Yang et al. (2014, 2016b)
indicated that the fractal dimension of shale pores is mainly in the
range of 2.68-2.83, and a higher TOC is conducive to a larger fractal
dimension. They stated that TOC improves the develop of PV and
SSA, especially for micropores, and decreases the pore diameter.
Hence, rougher pore surfaces and more complex pore structure are
formed. Also, its adsorption capacity to CHy is higher (Yang et al.,
2014; Yang et al., 2016b). Although the pyrolysis experimental
results were combined controlled by experimental parameters,
and the compositional and structural differences in OM, the gen-
eral hydrocarbon generation and pore forming evolution trends
are consistent.

4.3. Controlling mechanism of hydrocarbon generation evolution
on the pore structure of OM

Thermal maturity comprehensively reflects the changes in the
chemical and physical properties of OM during diagenesis process,
controlling hydrocarbon generation and the evolution of OM pores
in shale (Bohacs et al., 2013; Tang et al., 2019). Therefore, the hy-
drocarbon generation pattern is summarized (Fig. 9), clarifying the
types of hydrocarbon generation, byproducts, mechanisms, and
corresponding OM pores at each stage. In the immature stage, the
evolution temperature is roughly below 60 °C, and hydrocarbon
generation is dominated by biochemical process (mainly gel-
ification and condensation, with reduction bacteria and other
microorganisms playing a significant role) (Barnes et al., 1984; Dai
and Jiang, 1990; Ding et al., 2003; El-Habaak et al., 2020). Biogas,
immature oil, and kerogen aromatic skeleton are generated at this
stage (Liang, 1985; Wang, 2000; Miao et al., 2017). As diagenetic
evolution progresses, biochemical processes gradually transition
to geochemical processes (Rice and Claypool, 1981; Rohrback et al.,
1984). Hydrocarbon generation pores are not well developed at
this stage, with shrinkage micro-fractures being dominant (Sun
et al., 2022; Faboya et al., 2020). Additionally, a certain number
of primary pores (biological structure pores) are also developed
(Tenger et al., 2021). In the low maturity stage, the evolution
temperature ranges from 50 to 150 °C, and thermal degradation/
thermal catalysis (including bitumization and aromatization) is
the dominant hydrocarbon generation mechanism (Carr, 1999;
Miskolczi and Nagy, 2012). Liquid bitumen is cracked into oil,
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Parameter Shale gas reservoirs
R. % 4.0
Maturity Immature Mature High maturity Over maturity High-over maturity
Diagenesis Early diagenesis Period A Peroid B . :
. . 5 Late diagenesis stage
stage stage Middle diagenesis stage
. . . R Aromatization Aromatization Aromatization Aromatic splicing
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Fig. 9. Hydrocarbon generation and OM pores evolution pattern during thermal evolution process. BG is biogas, OM is organic matter, IM is inter-molecular, and MF is micro-
fracture. @ is original bitumen, hydrocarbon, and non-hydrocarbon compounds; @ is oil; ® is wet gas and condensate gas; @ is gaseous hydrocarbon, including wet gas,
condensate gas, and dry gas; ® is kerogen, which is gradually transformed into residual carbon in the thermal evolution process; ® is immature oil.

wet gas, and aromatic skeleton, with oil generation pores being the
dominant pore type (Goodarzi et al., 1992; Cardott et al., 2015; Gao
et al,, 2020). In the high maturity stage, the evolution temperature
ranges from 150 °C to 200 °C, and hydrocarbon generation is
dominated by aromatization, cyclic condensation, and thermal
cracking (Jochum, 2000; Rodriguez and Philp, 2010). Small mo-
lecular hydrocarbons are generated by the thermal degradation of
kerogen (Li et al., 2016; Huang et al., 2017). Additionally, gaseous
hydrocarbons are generated by the thermal cracking (the release of
C-C bond) of residual oil, as reservoir temperatures exceed the
critical temperature of liquid hydrocarbons (Wenger et al., 2002;
Zhang et al., 2015b), with residual carbon being the main solid
product. Wet gas and condensate gas are formed at this stage, and
gas generation pores are relatively well developed. Furthermore,
isolated OM pores begin to show signs of connectivity (Fig. 4(j)-
@0).

In the over maturity stage, reservoir temperatures exceed
200 °C (Ye et al.,, 2017; Fu et al., 2019). Aromatization, cyclic
condensation, and thermal cracking dominate OM evolution. Most
side chains and groups on kerogen that can be broken have dis-
appeared, and long-chain liquid hydrocarbons can no longer be

generated (Welte and Tissot, 1984; MacGowan et al., 1993). Dry gas
is generated by the thermal cracking of short alkyl branched chains
connected to the aromatic structure (the release of C-H bond of
kerogen aromatics), with residual carbon as the corresponding
solid product (Zhang et al., 2011; Fang et al., 2012; Miao et al.,
2017). Additionally, some gas is formed by cracking liquid hydro-
carbons (Zheng et al., 2020; Su et al., 2021). Gas generation pores
are well developed at this stage, with a dramatic increase in sur-
face porosity (Tables 3 and 4). The connectivity of OM pores is
significantly improved, with interconnected OM pores and
numerous micropores developed within macropores in a mosaic
structure (Fig. 4(m)-(p)). In the high-over maturity stage
(Ro = 2.5%-3.5%), demethylation is the primary method of dry gas
generation, reaching the peak of gas generation (Peng et al., 2020;
Tan et al., 2021; Horsfield et al., 2021). OM pores are extremely
well developed, with average surface porosity significantly
increasing to 28.52% (Table 3). Beaded connected OM pores form
an interconnected three-dimensional pore network (Fig. 4(q)-(t)).
Beyond this stage (R, > 3.5%), hydrocarbons are no longer gener-
ated (Xiao et al., 2015b; Pang et al., 2020). Excessively high thermal
maturity fundamentally changes the structure of OM, including
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further polycondensation of kerogen, cyclic condensation and
structural reorganization of OM, increased fused aromatic ring
system (splicing action), enhancd of macromolecular orientation,
and a trend towards graphitization (orientation action) (Liu et al.,
2013b; Tenger et al., 2021). Consequently, the source rock enters an
open state with high hydrocarbon expulsion efficiency, the lattice
defects in OM are gradually reduced, the disordered structure of
aromatic nuclei transforms into the ordered structure of graphite
crystals, the kerogen structure becomes orderly and compact, OM
pores are reduced, pore structure worsens, and adsorption heat
sharply decreases, resulting in a poorer gas-bearing capacity
(Wang et al., 2020c; Cao et al., 2021). The graphite peak appears in
the Raman spectrum of OM, and internal pores gradually disap-
pear when R, > 4.0% (Liu et al., 2013b; Wang et al., 2018; Tenger
et al., 2021). The average surface porosity of OM significantly de-
clines to 13.27% in natural maturation samples (Table 3).

The hydrocarbon generation and oil and gas filling processes of
different source rocks - reservoirs exhibit strong heterogeneity
controlled by variations in kerogen types and macerals (Makeen
et al., 2020; Luo et al., 2021; Thana’Ani et al., 2022). There are
obvious differences in the macerals of different types of kerogen,
and even within the same type of kerogen, macerals show strong
heterogeneity (Abarghani et al., 2020; Gonciaruk et al., 2021). The
hydrocarbon generation potential, types, threshold, oil-gas ratio,
and maximum hydrocarbon production rate of each maceral vary.
Sapropelic and exinite macerals have the greatest hydrocarbon
generation potential, vitrinite is conducive to gas generation,
whereas inertinite has poor hydrocarbon generation potential
(Zhang et al., 2018b; Xu et al., 2018). Vitrinite content in type III
kerogen (mainly from higher plants) is significantly higher than in
type I and Il kerogen (mainly from various types of algae and
marine planktonic organisms) (Van Krevelen, 1950, 1984; Ma et al.,
2018; Donadelli et al., 2019), as confirmed by the calculation of the
Tl index (Xie et al., 2022b). Consequently, the PV and SSA are more
developed, and adsorption capacity of type IIl kerogen is higher in
experimental and molecular simulation results. A dynamic hy-
drocarbon generation pattern is still lacking, which can automat-
ically adjust to the most suitable hydrocarbon generation pattern
based on the maceral or atomic composition of OM.

4.4. Evolution pattern of OM pores during thermal maturation

Based on the content above, the role of OM in shale pore
structure and adsorption capacity varies with the thermal evolu-
tion process, which is controlled by the evolution of structure and
pores. Porosity and pore connectivity change significantly with
higher thermal maturity of OM. The evolution pattern of hydro-
carbon generation and OM pores, the corresponding hydrocarbon
generation mechanism, and the evolution process of total porosity
in shale are summarized to reveal the evolution of the adsorption
capacity and the controlling factors (Fig. 9).

In immature shale gas reservoirs, hydrocarbon generation
pores of OM are poorly developed, with only a few primary
structural pores and diagenetic shrinkage micro-fractures
observed (Fig. 4(a)-(d)). Therefore, the contribution of TOC to the
adsorption capacity of shale is weak (Fig. 3). Xie et al. (2022a)
suggested that clay mineral content dominates the adsorption
capacity of shale due to the widely developed intergranular and
intragranular pores. In low maturity shale gas reservoirs, signifi-
cant amounts of liquid hydrocarbons are generated. Although the
generation of liquid hydrocarbons is accompanied by the forma-
tion of OM pores, these pores are often filled with new OM,
resulting in reduced porosity and making them difficult to identify
(Nie et al., 2019b; Li et al.,, 2020c, 2022). Overall, the surface
porosity of OM pores is slightly improved at this stage. Generally,
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the adsorption capacity of shale is dominated by primary mineral
pores, with TOC playing a non-essential role (Fig. 3). In high
maturity shale gas reservoirs, gaseous hydrocarbons (wet gas and
condensate gas) begin to be generated in large quantities. A large
number of hydrocarbon generation pores are formed by the ther-
mal cracking of residual kerogen and liquid hydrocarbons, gradu-
ally improving surface porosity of OM pores. Moreover, the loss of
primary mineral pores in shale is significant, and the adsorption
capacity of shale becomes controlled by TOC. Additionally, OM
pores begin to connect with each other, which is crucial for the
enrichment and migration of shale gas (Fig. 4(i)-(m)). In over
maturity shale gas reservoirs, the C-H bonds in kerogen aromatics
are broken, forming large amounts of dry gas through thermal
cracking. Gas generation pores are widely developed at this stage,
significantly increasing surface porosity of OM. The connectivity of
OM pores is further enhanced, and the influence of TOC on the
adsorption capacity of shale is also improved. In high-over matu-
rity (R, = 2.5%-3.5%) shale gas reservoirs, the peak of dry gas
generation is reached, promoted by the demethylation of residual
kerogen. The surface porosity and connectivity of OM pores are the
best, with beaded interconnected OM pores and “mosaic type” OM
pores widely developed. Consequently, the contribution of TOC to
the adsorption capacity of shale reaches its peak at this stage.
However, after R, > 3.5%, the degree of OM aromatization becomes
too high, reducing the sealing properties and decreasing the
number of OM pores, which may even disappear. Consequently,
the adsorption capacity of OM dramatically declines at this stage.
Overall, R, of 3.5% is regarded as the limit for hydrocarbon gen-
eration and R, of 4.0% is the limit of OM pores (Chen and Xiao,
2014; Wang et al., 2018; Tenger et al., 2021).

5. Current challenges and research prospects

(1) The accuracy and precision of the isothermal adsorption
experiments are affected by several issues. (i) Crushed or
ground particle samples may have their pore structure
damaged, which may not fully represent real continuous
shale gas reservoirs. (ii) Errors in the calculation process and
results of sample volume/mass, blank test, buoyancy test,
and free volume test are characterized by uncontrollability.
(iii) Isothermal adsorption experiments are mostly per-
formed at a fixed temperature, ignoring the dynamics of
temperature and pressure in real shale gas reservoirs and
their coupled control on the adsorption process. (iv) In the
correction process of absolute adsorption capacity, various
methods to obtain the adsorption phase density and bulk
density yield distinct calculation results, and an authorita-
tive scheme is lacking. Consequently, an isothermal
adsorption experiment of bulk shale samples covering the
dynamic conditions of temperature and pressure is urgently
needed. Additionally, an intuitive quantitative test method
for gas density in the adsorption system is also crucial, with
Neutron Scattering Spectrometer showing great potential.

(2) In isothermal adsorption experiments: (i) the discussion of
the contribution of TOC to adsorption capacity is based on
intact shale, and the influence of mineral composition
cannot be avoided. (ii) Shale samples from different basins
are characterized by high heterogeneity, resulting in differ-
ences in hydrocarbon generation potential, OM pore devel-
opment, and adsorption capacity. Additionally, the sealing
ability of source rock - reservoir and the evolution process of
OM pores are distinct. (iii) The macerals of shale samples
with different sedimentary backgrounds are distinct, lead-
ing to different hydrocarbon generation and pore forming
abilities. Shale samples selected from the same formation of
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the same sedimentary basin may exhibit a gradation feature
due to differences in tectonic subsidence or proximity to
magmatic intrusion areas. Therefore, the contribution of
TOC to shale adsorption capacity at different thermal evo-
lution stages can be better reflected. The hydrocarbon gen-
eration patterns and oil and gas filling processes exhibit
strong heterogeneity in different types of kerogen and
macerals, resulting in different hydrocarbon generation
potential, types, thresholds, oil-gas ratios, and maximum
hydrocarbon production rates. There is a lack of a dynamic
hydrocarbon generation pattern that can automatically
adjust to the most suitable hydrocarbon generation pattern
for OM with different macerals.

(3) Pore damage caused by the isolation of kerogen: PV, SSA,

and adsorption capacity of kerogen are functions of thermal
maturity, closely related to the generation process of oil and
gas. (i) Extracting kerogen from shale gas reservoirs with
different maturity and characterizing the evolution process
of pore type, morphology, size, connectivity, PV, SSA, etc.
through experiments such as visual observation, scanning,
and liquid injection are currently the most intuitive and
closest to the natural evolution process. However, this
complex step involves multiple procedures, increasing the
potential for errors. (ii) Demineralization for removing
quartz, feldspar, clay minerals and pyrite, even soluble OM,
may lead to changes in the pore structure of OM, such as the
re-freeing of pores filled by minerals and the dissolution of
soluble OM to form new pores. Additionally, the original
morphology of kerogen is also changed. (iii) Oven drying
used in the isolation process causes pore collapse in
kerogen, while critical-point drying has been proven to
mitigate this to some extent. Although various demineral-
ization processes and drying techniques are used to obtain
the original morphology of kerogen, these separation tech-
niques still damage the original pore structure of kerogen to
some content. A comprehensive instrument capable of
observing and identifying different components of integral
shale, as well as corresponding pore structures and CHy
adsorption characteristics, is expected to solve these
problems.

(4) Several disadvantages of thermal simulation experiments of

OM pores need to be addressed: (i) insufficient pyrolysis and
hydrocarbon generation reaction, and the dynamic process
and production components of hydrocarbon generation are
altered by the short pyrolysis times. Additionally, the pore
development of OM in thermal simulation samples is
slightly lower than that of natural maturation shale samples.
(ii) The coupled effect of temperature and pressure in real
shale gas reservoirs cannot be fully replicated in thermal
simulation experiments, and the influence of diagenesis and
the mineral catalysis on hydrocarbon generation and OM
pore formation also needs to be considered. (iii) During the
construction of semi-closed experimental systems, setting
the hydrocarbon expulsion amount and process to match
the real geological process is challenging. Additionally, the
thermal maturity of OM and the development of OM pores
corresponding to the same simulated temperature vary
significantly in different experiments. (iv) Shale samples
may break during the thermal simulation process, especially
at high temperatures and pressures, complicating subse-
quent supporting experiments. A high-precision thermal
simulation experiment is urgently needed, considering the
dynamic experimental temperature, pressure, and other
environmental conditions of real shale gas reservoirs.
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6. Conclusion

(1) OM pores are significant accumulation spaces for shale gas.
Primary OM pores consist of biological reticular fiber struc-
tures, cell cavities, animal cavities, and intermolecular micro-
fractures. Secondary OM pores are mainly hydrocarbon
generation pores, along with certain dissolved pores formed
by the dissolution of organic acids. As thermal evolution
progresses, primary pores gradually disappear, and second-
ary OM pores form the foundation of the pore network sys-
tem in shale gas reservoirs. In immature and low maturity
shale, the contribution of TOC to adsorption amount is
inconspicuous, with no significant positive correlation
recorded. In contrast, since the high maturity stage, the
adsorption capacity of shale is dominated by TOC, exhibiting
a clear positive linear correlation between TOC and adsorp-
tion capacity. From natural maturation shale samples and
thermal simulation experiments, the surface porosity of OM
in SEM images gradually increases with higher maturity,
reaching a peak at the high-over maturity stage (R, = 2.5%—
3.5%). It then declines with further thermal evolution.

(2) The development of OM pores is controlled by thermal
evolution and hydrocarbon generation processes. In imma-
ture shale, OM pores are poorly developed, with OM evo-
lution driven by biochemical action at this stage. Only a
small amount of immature oil and biogas is formed,
contributing weakly to pore development. In low maturity
shale, a large number of liquid hydrocarbons are generated,
accompanied by the formation of OM pores, but also filling
some pores. The surface porosity of OM rises slightly. From
high maturity to high-over maturity stages, gaseous hy-
drocarbons are generated in large quantities, gradually
reaching a peak. Correspondingly, gas generation pores are
extensively developed within OM, and beaded inter-
connected and “mosaic type” OM pores are widely devel-
oped, greatly improving the connectivity of the pore system
and the gas-bearing capacity of shale gas reservoirs. How-
ever, the development of OM pores deteriorates for R, values
higher than 3.5%, and the graphitization trend is not
conducive to the preservation of OM pores.
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