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Abstract:
Describing the organic-inorganic pore evolution influenced by mineral composition is
crucial for characterizing shale oil storage capacity and flow in shale, and it also helps
predict storage capacity for sequestered CO2. Using laboratory pyrolysis experiments to
artificially mature shale samples at relatively high temperatures and short times, this study
compares a series of natural samples with different thermal maturations, which can better
reflect the real underground pore evolution. A total of 30 natural shales spanning from
low to high maturity were collected from the Cretaceous Qingshankou Formation of
the Songliao Basin, and the analysis results revealed four main typical shales, namely
argillaceous shale, felsic shale, calcareous shale, and mixed shale. The existence of clay
minerals, quartz and feldspar promote the development of > 50 nm pores, while 0-20
nm pores are mainly developed in clay minerals and organic matter. When the content
of total organic carbon is less than 2.5 wt.%, it displays a positive correlation with the
specific surface area, but the correlation becomes negative for samples with a content of
total organic carbon greater than 2.5 wt.%. The organic pores are most developed at the
peak oil maturity, while inorganic pores are most developed during the oil window, and
tend to be stable at high maturity. Argillaceous shale in the high maturity stage may be
favorable for petroleum exploration in the Qingshankou Formation of the Songliao Basin.
Mixed shale and calcareous shale may not be conducive to the short-term storage of CO2
due to strong reactions with CO2 at the beginning. On the other hand, argillaceous shale
and felsic shale may be conducive to the long-term storage of CO2.

1. Introduction
Shale oil and gas reservoirs are regarded not only as impor-

tant replacement areas for conventional oil and gas resources
but also as a favorable target layer for CO2 storage (Wang et
al., 2011; McGlade et al., 2013; Taylor and Macquaker, 2014;
Zhang et al., 2023a). Interconnected organic-inorganic pore
networks play a key role in the reservoir storage space and

permeability in shale formations (Katz and Arango, 2018).
It is crucial to understand the pore structure characteristics
of shale reservoirs and the organic-inorganic pore evolution
during thermal maturation (Bernard et al., 2012; Mastalerz et
al., 2013; Medina et al., 2017; Wen et al., 2024).

Shale pore structure is influenced by a complex process
involving various effects (Slatt and O’Brien, 2011; Liu et
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al., 2017a; Li et al., 2021). Differences in mineral composition
lead to the various types of dominant reservoir space, while
the main controlling factors and pore evolution models with
shales of different mineral compositions will be different
(Milliken, 2014; Iqbal et al., 2021). The study of Devonian
Horn River shale showed that massive mudstones and pyritic
mudstones with high total organic carbon (TOC) content
have the highest porosity, whereas bioturbated mudstones
and carbonates with low TOC content exhibit the lowest
porosity (Dong et al., 2015). Based on the sample source, pore
evolution has been investigated by either observing natural
shale samples with different thermal maturities or conducting
thermal simulation experiments on low maturity shale samples
(Li et al., 2023; Xiao et al., 2024). Ko et al. (2016) collected
low maturity Boquillas Formation shale samples using gold
tubes under confining pressure to investigate the evolution of
organic matter (OM) pores and mineral pores. The results
showed that modified mineral pores account for the largest
percentage during the oil generation stage, suggesting that the
migration of OM and oil controls the inorganic pore network.
Different from natural samples, the effect of compaction on
porosity cannot be accurately evaluated during thermal simu-
lation (Guo et al., 2017; Liu et al., 2019). In addition, short-
time thermal simulation in the laboratory cannot reveal the
mineral cementation and chemical transformation processes in
the actual geological process, thus neglecting the influence of
diagenesis on pore evolution (Tang et al., 2015; Ko et al., 2018;
Liu et al., 2023c). Meanwhile, natural samples are more
precious, and it is difficult to obtain a series of shale samples
with different thermal maturities. Previous studies primarily
focused on pore development during thermal maturation and
its influencing factors (He et al., 2022; Liu et al., 2022a; Wang
et al., 2023). For the Longmaxi shale in the Sichuan basin,
the total porosity decreases rapidly due to compaction when
vitrinite reflectance (Ro) is less than 0.7% and increases due to
hydrocarbon generation and dissolution when Ro is 0.7%-1.3%
(Liu et al., 2017b). For the Devonian Duvernay Formation in
Canada, the total volume decreases greatly due to compaction
when Ro is less than 0.5% and increases slightly due to primary
cracking of OM when Ro is 0.55%-0.65%. The decrease occurs
because of oil filling and bitumen formation when Ro is 0.65%-
1.15% and the increase is because of the secondary cracking
of OM when Ro is more than 1.15% (Dong et al., 2019).
Therefore, inorganic and organic factors simultaneously con-
trol the shale pore evolution process, which complicates the
understanding of shale pore structure evolution. Furthermore,
the differences in the evolution of organic and inorganic pores
are still unclear.

The Songliao Basin is one of the largest continental
petroleum-bearing basins in the world (Bai et al., 2022; Liu et
al., 2023a), which provides excellent natural samples with dif-
ferent evolution stages and mineral compositions for studying
the evolution and controlling factors of various genetic pores
in shale. In addition, a large amount of inorganic CO2 has
been discovered in the Songliao Basin. Complex diagenesis
occurred between CO2 and shale under long geological time
and low geothermal temperature conditions, which can provide
a reference for the study of the diagenetic effects of CO2

on shale sealing after long-term storage (Hou et al., 2022).
Accordingly, the main objectives of this paper are to:

1) Analyze the main controlling factors of pore structure
parameters in shales with various mineral compositions.

2) Establish an organic-inorganic pore evolution model.
3) Identify the favorable shale targets of petroleum explo-

ration and CO2 storage.

This work enhances our understanding of the complex
control exerted by various factors on organic-inorganic pore
evolution, promoting the exploration of shale oil and se-
questered CO2 in the studied area.

2. Sample and methods
A total of 30 core samples were collected from 8 wells.

The mineral compositions, geochemical parameters and mi-
crostructure were identified by X-Ray Diffraction, TOC con-
tent, Ro and thin section observation. The pore morphology
and diagenetic types were determined by field emission scan-
ning electron microscope (FE-SEM). Automatic shale organic
and inorganic porosity quantification were obtained the by
edge-threshold automatic processing (ETAP) technique (Tian
et al., 2021). Pore structure characterization was done by
low temperature nitrogen adsorption (LN2A) and mercury
intrusion capillary pressure (MICP). The location of 8 wells
in the Songliao Basin is shown in Fig. S1 of the supporting
information, which section also includes the description of
specific procedures of all experimental methods.

3. Results

3.1 Mineralogy and geochemical characteristics
According to the mineral composition and thin section

observations, four kinds of shale samples can be recognized
(Fig. 1): Argillaceous shale, felsic shale, mixed shale, and
calcareous shale. The average TOC content in the order of
high to low is: Argillaceous shale (avg. 2.75 wt.%), felsic
shale (avg. 2.66 wt.%), mixed shale (avg. 2.24 wt.%), and
calcareous shale (avg. 1.98 wt.%). The Ro value ranges from
0.6% to 1.67%, covering a low mature-high mature stage. The
details of mineralogical compositions and organic geochemical
data of shale samples for the Qingshankou Formation can be
found in Table S1 of the supporting information.

3.2 Porosity data from FE-SEM
3.2.1 Pore types

(1) Inorganic pores
Inorganic pores mainly include interparticle pores, inter-

crystalline pores and intraparticle pores. Interparticle pores
in the Qingshankou Formation generally develop in brittle
minerals and clay mineral. The pore shapes are triangular and
elongated, and the pore diameter ranges from 10 to 100 nm
(Figs. 2(a)-2(b)). Intercrystalline pores in the Qingshankou
Formation are found in pyrite and clay minerals. The pore
diameter is between 40 and 100 nm (Figs. 2(c)-2(e)). Intra-
particle pores develop inside particles and include primary
pores and dissolution pores formed during the oil window.



220 Wang, L., et al. Advances in Geo-Energy Research, 2024, 13(3): 218-230

Fig. 1. Identification of different shale lithofacies by thin section. (a) Argillaceous shale (A544-01, single polarized light), (b)
felsic shale (A36-02, single polarized light), (c) mixed shale (A3-01, single polarized light) and (d) calcareous shale (A68-01,
single polarized light).

Fig. 2. FE-SEM images of inorganic pores. (a) Interparticle pores between quartz particle, A68-02, (b) clay mineral interparticle
pores, A17-03, (c) clay mineral intercrystal pores, A544-01, (d) clay mineral intercrystal pores, A3-05, (e) pyrite intercrystal
pores, A3-05 and (f) intraparticle pores in Calcite, A58-02. Qtz: Quartz, Inter P: Interparticle pores, Intercrystal P: Intercrystal
pores, Py: Pyrite, Intra P: Intraparticle pores, Cal: Calcite.

Primary intraparticle pores are rarely found in the Qing-
shankou Formation. Dissolved pores are developed inside the
K-feldspar and calcite mineral in the oil generation window.
The shape of the dissolved pores is oval or irregular harbor-
shaped, and the pore diameter ranges from 100 nm to 2 µm
(Fig. 2(f)).

(2) Organic pores
The low maturity stage is characterized by the development

of few primary OM pores. At the beginning of the early oil
generation stage, OM-mineral pores are observed, which are

partly or fully lined with migrated OM (Fig. 3(a)). At the peak
oil generation, a large number of bubble-like pores formed by
gas release develop on OM with a pore diameter of less than
20 nm (Fig. 3(b)). Spongy pores comprise the main OM pore
type in the high maturity stage (Figs. 3(c) and 4(d)). For more
details about organic pores development, readers can refer to
recent literatures (e.g., Wang et al., 2023).

(3) Cracks
Cracks in the Qingshankou formation of the Songliao

Basin can be divided into organic cracks and inorganic cracks.
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Fig. 3. FE-SEM images of organic pores. (a) OM-mineral pores, A21-03, (b) bubble pores, A17-01, (c) spongy pores, where
the red square indicates the zoomed area, A1-07 and (d) the area indicated by the red rectangle in (c), A1-07.

Fig. 4. (a) Shrinkage crack, where the red square indicates the zoomed area, A21-04, (b) the area indicated by the red rectangle
in (a), (c) devolatilization crack, A58-01 and (d) clay interlayer crack, A1-07.

Organic cracks can be classed into OM shrinkage cracks and
devolatization cracks. OM shrinkage cracks are the result of
the volume shrinkage of OM after hydrocarbon generation
and cracks formed within the OM or at the contact surface
with other minerals (Figs. 4(a)-4(b)). Devolatilization cracks
are formed due to the degassing or pressure release of solid
bitumen (Fig. 4(c)). Inorganic cracks refer to clay interlayer
cracks, generally developed along the bedding and exhibiting
a length of several µm and a width of 10-100 nm (Fig. 4(d)).
The clay interlayer cracks connect the inorganic and organic
pores and become the lateral migration channels of oil and gas

in the reservoir.

3.2.2 Automatic porosity quantificatio

In argillaceous shale, the average content of intercrystal
pores is the highest (22%), followed by interparticle pores,
inorganic cracks and OM pores, at 21%, 19% and 17%, respec-
tively (Fig. 5). The average total surface porosity is 0.687%,
and the average organic porosity and inorganic porosity are
0.127% and 0.560% respectively (Fig. 6). In felsic shale, the
content of inorganic pores is the highest (69%), followed by
intercrystal pores, interparticle pores and intraparticle pores
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Fig. 5. SEM-based average percentage of various pores and
cracks via ETAP.

with 26%, 26% and 16%, respectively, then by OM pores and
inorganic cracks with 13% and 10%, respectively (Fig. 5). The
average total surface porosity is 0.484%, and the average or-
ganic porosity and inorganic porosity are 0.114% and 0.371%,
respectively (Fig. 6). In mixed shale, the average content of
inorganic pores is also the highest (78%), followed by inter-
crystal pores, interparticle pores and intraparticle pores, with
33%, 26% and 19%, respectively, then by inorganic cracks and
OM pores, with 9% and 8%, respectively (Fig. 5), The average
total surface porosity is 0.498%, and the average organic
porosity and inorganic porosity are 0.094% and 0.454%,
respectively (Fig. 6). In calcareous shale, OM pores are rare
(1%). Intercrystal pores, intraparticle pores, interparticle pores,
and inorganic cracks constitute 28%, 32%, 19% and 9% of
the total pore space, respectively (Fig. 5). The average total
surface porosity is 0.342%, and the average organic porosity
and inorganic porosity are 0.036% and 0.339%, respectively
(Fig. 6). The percentage details of different pore types of shale
samples obtained from automatic porosity quantification can
be found in Table S2 of the supporting information.

3.3 Pore structure characterization
3.3.1 Analysis of LN2A

(1) Pore structure parameter from LN2A
The maximum adsorption capacity of the Qingshankou

Formation is between 0.88095-3.05341 cm3/g, with an average
of 1.9544 cm3/g. The average maximum adsorption capacity
of different shale types from high to low is determined as
argillaceous shale, felsic shale, mixed shale and calcareous
shale (Fig. 7(a)). The specific surface area (SSA) of shales
in the Qingshankou Formation is distributed between 6.2577-
33.1692 m2/g, with an average SSA of 19.5922 m2/g (Fig.
7(b)). The pore volume distribution is between 0.030704-
0.106647 cm3/g, and the average pore volume is 0.060766
cm3/g (Fig. 7(c)). The average pore diameter is between 6.97-
20.80 nm, with an average of 12.90 nm (Fig. 7(d)).

A positive correlation is established between SSA and pore
volume, and an obvious negative correlation is found between
the SSA and average pore diameter (Fig. 8). The average SSA
and pore volume from high to low is: Argillaceous shale, mix-
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Fig. 6. Average organic surface porosity, inorganic surface
porosity and total surface porosity of shale samples of the
Qingshankou Formation in the Songliao Basin.

ed shale, felsic shale, and calcareous shale. The average pore
diameter shows the opposite trend to SSA and pore volume.

3.3.2 Pore size distribution of LN2A and MICP

The combination of LN2A and MICP can be used to detect
pores ranging from micro- to macroscale. The lower detection
limit of gas adsorption method is 0.35 nm, and the upper
detection limit of MICP is 1 mm (Sun et al., 2024). The former
can effectively reflect the distribution of nanopores in shale,
while the latter can reflect information about shale macropores
and microcracks (Chalmers and Bustin, 2008). Therefore, this
study uses LN2A to characterize pores sized less than 50 nm
and MICP to characterize pores sized greater than 50 nm, and
subdivides pores sized less than 50 nm into those in the 0-20
and 20-50 nm size ranges.

In general, pores smaller than 50 nm provide most of
the pore volume of the Qingshankou Formation shale. When
the pore size is less than 50 nm, the pore volume shows an
asymmetric bimodal distribution, with peaks located between
7-18 and 30-37 nm, respectively. The curve envelope area in
the range of 7-18 nm is significantly higher than that of 30-37
nm (Fig. 9). When the pore size is greater than 50 nm, micro-
cracks develop in argillaceous shale and mixed shale and the
peak pore size is greater than 104 nm (Figs. 9(a) and 9(c)).
In the range of 100-104 nm, the pore size of felsic shale and
calcareous shale present multimodal distribution. In the A58-
01 and A21-01 samples, the pore volume shows a downward
trend in the space greater than 104 nm. Considering the
influence of “blank effect”, the error of experimental results
for pore sizes larger than 10,000 nm is relatively high (Sun et
al., 2024).

4. Discussion

4.1 Factors controlling pore development
During shale deposition and diagenesis, the pore structure

is controlled by multiple factors at different stages (Milliken
et al., 2013; Dong et al., 2019; Gao et al., 2020; Liu et
al., 2023b), such as maturity, type of macerals and diagenesis
(Fauchille et al., 2017; Dowey and Taylor, 2020; Liu et
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al., 2022a). This study focused on the influence of mineral
composition and TOC content on pore evolution with respect
to 0-20, 20-50 and > 50 nm sized shale pores. Since the pore
size of organic pores observed under SEM is mostly less than
20 nm, to better determine the correlation between organic
pores and mineral composition, pores smaller than 50 nm were
further divided into 0-20 and 20-50 nm pores.

4.1.1 Mineral composition

(1) Clay minerals
The SSA is in direct proportion to the clay mineral

content for argillaceous shale, but this is not obvious for other
shale samples (Fig. 10(a)). Since the SSA is also in direct
proportion to the pore volume but in inverse proportion to

the average pore size (Fig. 8), it can be inferred that the
clay mineral content for argillaceous shale increases with the
pore volume and decreases with the average pore size. This
might be attributed to the layered crystal structure and the
small distance (∼nanometers) between crystal planes for clay
minerals (Ross and Bustin, 2009). Therefore, shale with high
clay mineral content has a high SSA, which can provide
a large number of pore spaces. Clay minerals promote the
development of 0-20 and > 50 nm pores in shale samples,
whereas they contribute less to 20-50 nm pores (Fig. 10(d)).
The clay minerals in the Qingshankou Formation of the
Songliao Basin mainly contain illite/smectite mixed layer and
illite, with minor chlorite/smectite mixed layer and chlorite
(He et al., 2022). At the low maturity stage, macropores and
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percentage of pore volume and carbonate mineral content of the Qingshankou Formation in the Songliao Basin.

mesopores between smectite aggregates decrease with increas-
ing compaction, while micropores are almost unaffected (Kuila
and Prasad, 2010). As the maturity increases, the smectite
in the illite/smectite mixed layer and chlorite/smectite mixed
layer will gradually transform into illite and chlorite. This
process releases interlayer water, leading to interlayer collapse.
In addition, the volume of clay mineral particles shrinks to
form intercrystal pores and interlayer cracks (Figs. 2(c)-2(d)
and 4(d)), resulting in the development of 0-20 and > 50

nm pores. A previous study observed more abundant organic
pores in organic-clay mixtures rather than single OM in the
Songliao Basin, which indicates that the clay mineral promotes
the generation of OM hydrocarbon (Cai et al., 2022; Chang et
al., 2022). The size of organic pores in organic-clay mixtures is
usually less than 20 nm, which further explains why 0-20 nm
pores are preserved in shale samples with high clay content.

(2) Quartz and feldspar
The content of quartz + feldspar is in inverse proportion
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to the SSA and pore volume but in direct proportion to the
average pore size for felsic shale (Fig. 10(b)). Moreover,
the content of quartz + feldspar mainly has a weak positive
correlation with pores larger than 50 nm and no obvious
correlation with those sized 0-20 and 20-50 nm (Fig. 10(e)),
consistent with previous studies in the Western Canada Basin
(Ross and Bustin, 2009; Dong et al., 2019). This finding
indicates that > 50 nm pores are mainly developed on feldspar
and quartz minerals. One possible explanation is that the
mechanical compaction dominates in the early diagenetic
stage, and skeleton-support siliceous minerals can provide a
rigid framework that prevents the collapse of clay platelets
(Liu et al., 2022b). Part of the intergranular pores are retained
under the support of quartz or feldspar, which have larger pore
sizes (Fig. 2(a)). Furthermore, the pore size of dissolved pores
developed in feldspar grains is generally several microns in the
early oil maturity stage (Fig. 3(a)).

(3) Carbonate minerals
Carbonate minerals are more abundant in calcareous shale

and mixed shale, but the correlation between carbonate mineral
content and pore structure parameter is not obvious (Figs.
10(c) and 10(f)). The potential explanation could be that
carbonate minerals mainly develop harbor-shaped and large-
size dissolution pores at the early maturity stage (Fig. 2(f)).
After peak oil maturity, calcite cementation and the migration
of OM will block these pores (Zhang et al., 2023b), so pores
with different sizes develop in carbonate minerals.

4.1.2 TOC content

TOC has an important impact on the development of shale
reservoir pores, especially organic pores (Milliken et al., 2013;
Löhr et al., 2015). Fig. 11(a) shows that SSA increases
and then decreases with a TOC threshold of 2.5 wt.%. The
possible reason might be that due to lower shale permeability,
hydrocarbons formed during the oil window cannot discharge
from the shale reservoir in time, thus reducing the SSA (Ohiara
et al., 2024). It is found that TOC increases with the content of
clay minerals, quartz and feldspar (Fig. 11(b)). The possible
explanations include:

1) The SSA of clay minerals is significantly larger than that
of other minerals, so the adsorption capacity of OM is
also the strongest (Cai et al., 2022). The organic-clay
complex is a special mixture in the Qingshankou Forma-

tion. The organic-clay mixtures developed more organic
pores than single OM (Figs. 3(b)-3(c)), which is attributed
to the fact that clay minerals can significantly catalyze the
OM hydrocarbon generation (Wang et al., 2023).

2) Feldspar and quartz also have a supporting effect on
organic pores (Emmings et al., 2020).

By contrast, TOC decreases with carbonate content (Fig.
11(b)), for the likely reason that calcite cementation can
block organic pores (Ohiara et al., 2024). The results of
average TOC content and organic porosity in shale samples
also validate these statements. The TOC content and organic
surface porosity for argillaceous shale are the highest, followed
by felsic shale, and they are the lowest in calcareous shale
(Table S1, Fig. 5).

4.2 Porosity evolution model
4.2.1 Pore evolution of shales with different mineral
compositions

At the low maturity stage, pore evolution in argillaceous
shale is dominated by compaction. The clay minerals are
directionally distributed, and OM is also squeezed and de-
formed and often complexed with clay minerals (Figs. 2(a)
and 12(a)). This is related to the algae accumulation caused
by the flocculation of clay (Theng, 1971; Stasiuk, 1993; Wang
et al., 2022). Organic pores and cracks are less developed,
accounting for 5% and 8% of the total number of pores,
respectively. The intergranular and intercrystalline pores of
clay minerals are more developed, which account for 49% of
the total number of pores (Table S2). At the early oil maturity
stage, the impact of compaction on the reservoir space gradu-
ally weakens. OM begins to generate hydrocarbons, followed
by the formation of shrinkage cracks (Figs. 3(b), 4(a)-4(b) and
12(b)). At the peak oil maturity stage, as the degree of clay
mineral transformation increases, the intercrystalline pores
and interlayer cracks within clay minerals further develop,
accounting for 25% and 18% of the total number of pores,
respectively (Table S2). However, when it comes to the late
oil maturity stage, migrated OM fills the pores and the mineral
matrix (Fig. 12(c)), and the proportion of OM pores and
cracks significantly decrease. At the high maturity stage, OM
will be further converted into pyrobitumen and gas (Liu et
al., 2022a), accompanied by the formation of spongy pores
(Fig. 12(d)). The content of organic pores increases to 20%
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Fig. 12. Conceptual model of pore evolution for various typical shale samples.

and the proportion of inorganic pores does not change much
(Table S2). Felsic shale with high detrital mineral content
shows weaker compaction than that of argillaceous shale at the
low maturity stage. Part of the intergranular pores and organic
pores are retained by the support of rigid minerals. Organic
pores and intergranular pores occupy 10% and 29% of the total
pore content, respectively (Table S2). From the early maturity
stage, the organic acids formed during the oil window begin to
dissolve K-feldspar in felsic shale (Figs. 12(e)-12(h)). Similar
to felsic shale, mixed shale at the low maturity stage has
stronger resistance to compaction than argillaceous shale. The
dissolved mineral in the oil window is feldspar and calcite, and
intragranular pores account for 17% (Figs. 12(i)-12(l)). At the
late oil maturity stage, the migrated OM charged in pores. In
addition, as the organic acid is consumed, the formation fluid
gradually transforms into alkaline, combines with the solution
carrying Ca2+ to form calcite, then blocks pores through calcite
cementation (Tissot and Welte, 1984; Zhang, 2018). Among
the four types of shale samples, calcareous shale has the lowest
total surface porosity (Table S2). Organic pores and cracks are
hardly developed during the thermal maturation, and there is
also little migrated OM to fill the pores in the late oil maturity
stage, which is related to the low TOC content in calcareous
shale. The dissolved mineral in the oil window is dolomite and
calcite. In the late oil maturity stage, carbonate cementation
is very obvious (Fig. 12(m)-12(p)).

4.2.2 Organic-inorganic pore evolution model

The Qingshankou Formation is divided into 3 maturity
stages: Low maturity (0.5% < Ro ≤ 0.7%), mature (0.7% <
Ro ≤ 1.3%), and high maturity (1.3% < Ro ≤ 2.0%). The
mature stage is further subdivided into: Early oil mature
(0.7% < Ro < 1.0%), peak oil mature (Ro = 1.0%) and late
oil mature (1.0% < Ro ≤ 1.3%). Based on the above research,
we propose a dual-pore evolution model of the Qingshankou
shale, which is mainly divided into four stages (Fig. 13).

1) At the low maturity stage (0.5% < Ro ≤ 0.7%), the total
surface porosity shows a downward trend. The primary
pore is lost in large quantities under compaction, which
is more obvious in argillaceous shale (Figs. 13(a)). The
ratio of OM pores decreases rapidly and only a few
intergranular pores with large pore size develop. As a
consequence, the average pore size increases slightly
while the pore volume and SSA reduce.

2) From early to the peak oil maturity (0.7% < Ro ≤ 1.0%),
the total surface porosity begins to show an increasing
trend and reaches the first secondary pore development
zone at the peak oil maturity. The ratio of inorganic
pores increases when Ro is 0.84% due to dissolution and
clay mineral transformation (Fig. 13(b)), and the ratio
of OM pores increases due to the formation of bubble
pores during thermal maturation. Since the organic pores
produced at this stage have relatively small pore sizes, the
average pore size decreases slightly and the pore volume
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and SSA increase.
3) In the late oil maturity stage (1.0% < Ro ≤ 1.3%), the

total surface porosity shows a downward trend due to the
migrated OM occupies the secondary pore spaces, while
the cementation developed in mixed shale and calcareous
shale will also block pores (Fig. 13(c)). The hydrocarbon
generation of OM is weakened compared with the peak
oil maturity, so the ratio of OM pores decreases. The
remaining pores have large sizes, so the average pore
diameter increases slightly and the pore volume and SSA
show a downward trend.

4) In the high maturity stage (1.3% < Ro ≤ 2.0%), the total
surface porosity shows an upward trend. The compressive
resistance and stability of the rock skeleton are greatly
improved and the inorganic porosity is relatively stable.
The secondary cracking of oil and post-oil bitumen at the
high maturity stage produces spongy pores (Fig. 13(d)),
and the total surface porosity increase significantly. The
average pore diameter is decreased, and the pore volume
and SSA are both increased.

4.3 Implications for favorable petroleum
exploration and CO2 storage

Our study above demonstrated that thermal maturity, TOC
and mineral composition are the main controlling factors of

pore evolution in the Qingshankou Formation of the Songliao
Basin. The content of clay minerals in argillaceous shale
is relatively high and it has a strong correlation with pore
volume (Figs. 10(a)-10(d)). The organic-clay complex lays
the foundation for later OM hydrocarbon generation, while
argillaceous shale has the highest average TOC value at 2.75
wt.%. Combined with the extensive distribution of argillaceous
shale in the Qingshankou formation (Liu et al., 2023a), the
argillaceous shale in the high maturity stage could be favor-
able lithofacies for petroleum exploration in the Qingshankou
Formation of the Songliao Basin.

Three potential reasons for the leakage of caprock include:
(1) Leakage along faults and micro-fractures; (2) mechanical
damage; (3) chemical dissolution (Vialle et al., 2016). As a
limitation of this study, it only evaluates the CO2 storage
capacity from chemical dissolution and focuses on shale
caprocks with different mineral compositions. The self-sealing
effects of caprocks with different mineral compositions are
different. After CO2 is injected into the ground, it will first
react with the formation water to form acidic fluids. Carbonate
minerals such as calcite and dolomite are the most sensitive to
these acidic fluids (Ma et al., 2021; Dávila et al., 2017; Zhou
et al., 2022). The presence of dissolution pores on the calcite
also indicates a reaction with CO2, posing a leakage risk (Fig.
2(f)). However, the precipitation of new carbonate minerals
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will alleviate the dissolution of carbonate minerals, reducing
the reservoir porosity. In addition, the injection of CO2 will
also react with feldspars and clay minerals, but the dissolution
of feldspars and clay minerals is relatively mild due to the
relevant reaction rate constants with CO2 being 7-10 orders
of magnitude lower than those of carbonate minerals (Hou et
al., 2022; Wang et al., 2024). Overall, it can be inferred that
mixed shale and calcareous shale rich in carbonate minerals
cannot be not conducive to the safe geological sequestration
of CO2 in the short term (during the injection period, i.e.,
over 25-50 years) due to their strong reaction with CO2 at the
beginning, while argillaceous shale and felsic shale rich in clay
minerals and feldspar are be conducive to the safe geological
sequestration of CO2 in long-term storage (during the storage
phase with time scales over 100 years and up to 10 kyrs).

5. Conclusion
1) Clay minerals have a positive correlation with SSA and

pore volume, which can promote the development of 0-20
nm and > 50 nm pores in shale. Quartz + feldspar have
a negative correlation with the SSA and pore volume,
which promotes the development of > 50 nm pores in
shale. When the TOC content is < 2.5 wt.%, it has
a positive correlation with the SSA; when it is > 2.5
wt.%, this correlation is negative, which is related to the
clogging of pores by migrating OM after the peak oil
maturity.

2) The storage space of argillaceous shale is dominated
by OM pores, intercrystalline pores and cracks of clay
minerals. Felsic shale mainly develops organic pores,
rigid mineral intergranular pores and feldspar dissolution
pores. Mixed shale mainly develops clay minerals inter-
crystalline pores and dissolution pores. Calcareous shale
mainly develops carbonate mineral dissolution pores. And
OM pores are hardly developed.

3) The organic-inorganic pore evolution model can be di-
vided into four stages. (1) In the low maturity stage,
organic pores and inorganic pores are affected by com-
paction. It only developed a few intergranular pores. (2)
In the early oil maturity stage, OM begins to generate
hydrocarbons and the organic pores increase. Affected by
dissolution and transformation of clay minerals, inorganic
pores also begin to increase when Ro is 0.84%. (3) In
the late oil maturity stage, organic pores decline due to
the dual effects of OM migration and cementation filling.
Inorganic pores increase due to further transformation of
clay mineral. (4) At the high maturity stage, organic pores
increase again, while the inorganic pores remain basically
stable.

4) Argillaceous shale in the high maturity stage may be
favorable for petroleum exploration in the Qingshankou
Formation of the Songliao Basin. Mixed shale and cal-
careous shale may not beneficial to short-term storage of
CO2, while their sealing capacity can be enhanced over
time due to authigenic mineral precipitation. Argillaceous
shale and felsic shale are likely effective in long-term
CO2 storage.
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