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Marine–continental transitional (hereinafter referred to as transitional) Permian shales are
important targets for shale gas in China because of the considerable volumes of shale gas
resources present in them. In this study, transitional shale samples from the Permian
Shanxi Formation in the Daning–Jixian block along the eastern margin of the Ordos Basin
were collected to investigate the effects of organic and inorganic compositions on the
development of their pore structures through organic petrographic analysis, X–ray
diffraction, scanning electron microscope (SEM) observation, gas (N2 and CO2)
adsorption, high-pressure mercury injection (HPMI), and methane adsorption
experiments. The organic petrographic analysis reveals that the Permian Shanxi shale
comprises Type-II2-III kerogens, and the average vitrinite reflectance (Ro) is 2.3% at the
overmature stage or in the dry gas window. The shale interval at the bottom of the lagoon
facies is considered the most favorable interval throughout the entire section because of its
high total organic carbon (TOC) content (4.19–43.9%; an average of 16.9%) and high
brittle mineral content (38.3–73.2%; an average of 55.8%). N2 and CO2 gas adsorption
and HPMI tests reveal the pore size distribution characteristics of the shale. The full pore
size distribution by the gas adsorption and HPMI test reveals that micropores (<2 nm) and
mesopores (2–50 nm) were dominant in the pore system, and the contributions of the two
pore sizes were nearly equivalent, accounting for 21.95–55.05% (an average of 42.3%)
and 37.94–64.6% (an average of 49.64%) of the total pore volume, respectively.
Additionally, the pore characteristics related to different phases (mainly as silicate,
clays, and organic matter) are further clarified by SEM observation and correlation
analysis of phase content and pore structure parameters. OM contains numerous
SEM-invisible micropores, whereas clay minerals mainly develop mesopores and small
macropores (50–100 nm). Furthermore, we calculated the contribution of different shale
components to shale porosity. The OM pores account for 0.26–44.1% (an average of
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18.7%), and clay mineral pores account for 53.8–93.3% (an average of 76.9%) of the shale
porosity. In particular, the OM contributes 73.2% to the surface area and 33.5% to the pore
volume. This implies that both OM and clay minerals are important for the storage capacity
of adsorbed and free gas.

Keywords: transitional shale, pore structure, composition effect, Shan2
3, Ordos Basin

1 INTRODUCTION

Organic-rich shales in China are deposited in marine,
transitional, and lacustrine environments. They are
characterized by their ultralow porosity and permeability
because of the numerous nanopores in the shale matrix.
Organic pores derived through the hydrocarbon generation
process are crucial for marine shale. Previous studies have
largely revealed the nanoscale pore system of mature marine
shales all over the world and realized that the organic pores
developed as a result of devolatilization of gaseous hydrocarbons
are the dominated pore type and are responsible for the storage of
shale gas to a great extent (Loucks et al., 2009; Milliken et al.,
2013; Yang et al., 2013; Loucks and Reed, 2014; Wang et al., 2015;
Yu et al., 2016; Guo et al., 2017; Ji et al., 2017; Nie et al., 2019; Peng
et al., 2019; Xi et al., 2019). In China, the marine shale from the
Lower Silurian Longmaxi Formation has been proved to be the
most favorable exploitation target, and several shale-gas fields
have been put into production (Yang et al., 2020). In recent years,
with the support of government policies and the expansion of
shale gas exploration, transitional shale has become another
favorable exploration target after marine shale (Yang et al.,
2019). Different from the marine shales in China that are
developed in Lower Paleozoic, the transitional shales in China
are mainly developed in Upper Paleozoic (Yang et al., 2017a;
Yang et al., 2017b). They are characterized by a high TOC
content, mixed-type kerogen, moderate thermal maturity, and
high content of clay minerals, which are quite different from the
case of marine shales. At present, scholars have made some
fundamental studies regarding the reservoir fractal
characteristics (Wang et al., 2016a; Li et al., 2019; Yin and
Guo, 2019; Huang et al., 2020), mineral composition
characteristics (Zhang et al., 2019), pore structure
characteristics (Fan et al., 2019; Yu et al., 2019; Yang and
Guo, 2020), gas-bearing properties (Dong et al., 2016; Ma
et al., 2019; He et al., 2019; Wang and Guo, 2019; Cao et al.
(2020)), and the criterion for selecting the favorable exploration
blocks (Feng, 2014; Tang et al., 2016).

Pore structure characteristics are critical in determining the
occurrence, seepage, and diffusion of shale gas. Previous research
on the pore structure indicates the importance of using a low-
pressure N2-adsorption experiment, which is effective in the
mesopore (2–50 nm) description. Micropores (<2 nm) and
macropores (>50 nm) considerably affect the content of
adsorbed and free gas, respectively (Zhang et al., 2019).
However, there is no full-size characterization of the pore size
of the transitional shale. In addition, the influence of organic
matter (OM) and the inorganic composition on the pore
development of transitional shale has rarely been reported.

The Permian Shanxi Formation is widely distributed in the
Ordos Basin, and industrial gas flow has been achieved by
fracturing vertical wells in the Daning–Jixian block, which is
regarded as one of the most important transitional shale gas
targets in China. Since shale, coalbed seams, and tight sandstone
are generally interbedded with each other in the Ordos Basin,
strengthening the research on the transitional shale is helpful to
promote the co-production of shale gas, coalbed gas, and tight
sandstone gas. The purpose of this study was to investigate the
composition effect on the pore size structure. The geochemical
and petrological features of the Shanxi Formation are presented
in Section 4.1 and Section 4.2. The full-size characterizations of
the pore structures obtained via gas adsorption (CO2 and N2) and
HPMI are presented in Section 4.3. The OM contribution to the
pore system is discussed in Section 4.4.

2 GEOLOGICAL SETTING

The Ordos Basin is the second largest sedimentary basin in China,
covering an overall area of 25,000 km2, which can be divided into
six second-order tectonic units (Figure 1A). The Daning–Jixian
block is located along the southeastern margin of the Yishan
slope. It is bordered to the south by the Yanchuannan block, to
the north by Xixian, to the east by the Lüliang Mountains, and to
the west by the Yellow River. The Daning–Jixian block comprises
one depression, one uplift, and two slopes (Zhao et al., 2018).
Structures are stable and less faulted within the block, and the
strata are gentle.

The Upper Paleozoic strata within the study area comprise the
Carboniferous Benxi Formation, Lower Permian Taiyuan
Formation as well as Shanxi Formation, and Middle Permian
Shihezi Formation. In particular, the Shanxi Formation is
deposited in transitional facies. According to the sedimentary
cycles and lithologies, the Shanxi Formation can be divided into
Shan 2 member and the overlying Shan 1 member. The Shan 1
member comprises mainly interbedded gray sandstone and dark
gray shale, with locally developed laminated coal seams. The Shan 2
member mainly comprises dark shale and gray sandstone, with 3–5
layers of coal seams. From the bottom to top, the Shan 2member can
be further divided into three sub-members: Shan2

3, Shan2
2, and

Shan2
1, of which Shan2

3 is the most favorable interval for shale gas
exploration in the study area (Figure 1B). The lithology of Shan2

3

mainly comprises black shale, carbonaceous shale, dark gray
mudstone, argillaceous siltstone, and silty mudstone. Fine
sandstone, medium sandstone, and argillaceous siltstone are
locally present, with five# coal seams developed on the top of the
Shan2

3 sub-member. From the bottom to top, sedimentary facies of
Shan2

3 comprises lagoon facies, delta facies, lagoon facies, and tidal
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flat facies. The lagoon facies at the bottom of the Shan2
3 are called the

bottom lagoon facies, whereas the other lagoon facies in the middle
of Shan2

3 are called the upper lagoon facies.

3 SAMPLES AND EXPERIMENTS

A total of 95 Shan2
3 sub-member core samples were collected

from Well DJ 3–4 in the Daning–Jixian block. The TOC and
mineral composition experiments were conducted on 95 shale
samples. A total of 55 of the samples were further used for
kerogen maceral and vitrinite reflectance analysis, and seven of
the 55 samples were used to conduct gas adsorption (CO2 as well
as N2) and HPMI tests.

3.1 Organic Geochemistry
The 95 shale samples were crushed into particles smaller than the
200-mesh powder to perform TOC analysis using a Leco CS-230
carbon analyzer in accordance with the standard GB/T19145–2003.
The macerals and thermal maturity of the OM were determined

using a Lecia DM4500P microscope according to the standards of
SY/T5125–2014 and SY/T5124–2012, respectively.

3.2 Mineral Composition
X–ray diffraction (XRD) analysis was conducted on shale samples
with a powder size less than 200 mesh, using a Bruker D8
DISCOVER diffractometer in accordance with the standard SY/
T5163–1995.

3.3 Pore Size Distribution
Low-pressure N2 and CO2 adsorptions were measured using a
Micromeritics ASAP 2420 porosimeter and surface area analyzer
based on the standard SY/T6154–1995. The samples were powdered,
and less than 200-mesh particles were used to perform experiments.
The samples were degassed at the temperature of 110°C for 24 h
before measuring the gas adsorption. For N2 adsorption analysis,
Brunauer–Emmett–Teller (BET) surface area,
Barrett–Joyner–Halenda (BJH) pore volume, and pore size
distribution were analyzed in this study. For CO2 adsorption, the
micropore volume, micropore area, and pore size distribution were

FIGURE 1 | (A) Structural map of the Daning–Jixian block in the Ordos Basin and (B) stratigraphic column of the study area (the structural map is revised from Zhao
et al. (2018)).
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calculated using a density-functional-theory model. Mercury
intrusion analysis was performed on vacuum-dried samples using
a Quantachrome PoreMaster at a pressure up to 600,000 psia in
accordance with the standard of GB/T20650.1–2008.

3.4 SEM
The SEM was used to observe the nanoscale pore structure. The
samples were irregular and cut perpendicular to the bedding
plane to a size smaller than 1 cm. Prior to SEM imaging, samples
were polished with fine sandpaper and argon ions and then
coated with carbon to enhance the sample conductivity.

4 RESULTS AND DISCUSSION

4.1 Geochemical Characteristics
The measurement of 95 shale samples shows that TOC of Shan2

3

ranged from 0.11–43.9%, averaging 5.78%. The TOC tends to
increase with the burial depth, reaching up to 43.9% at the bottom
of the upper lagoon facies, and gradually decreases, reaching the
lowest value on the top of the delta facies, and then remains stable
in the bottom lagoon facies (Figure 2). The macerals comprise
15–76% liptinite (average 55.2%), 12–60% vitrinite (average

51%), and 5–35% inertinite (average 12.7%). Thus, the
kerogen of Shan2

3 is mainly Type-II2 followed by a few Type-
III. The vitrinite reflectance ranges from 2.1–2.61% (an average of
2.3%), indicating that the Shan2

3 shale is at the overmature stage
or entering the dry gas window.

4.2 Mineral Composition
XRD revealed that Shan2

3 shale samples mainly comprise quartz
and clay, accounting for 62.19–100%, averaging 92.1%. The
quartz content ranged from 10.2–61.8%, averaging 37.3%, and
the clay mineral content ranged from 26.8–73.7%, averaging 53%.
Notably, the pyrite content and carbonate content were much
greater at the lower section of the upper lagoon facies with
average values of 9.8 and 14%, respectively, indicating that the
lower section is probably deposited at greater water depths. The
clay minerals were dominated by illite/smectite-mixed layers
(7.0–80.4%, averaging 53%), illite (7–41%, averaging 26.5%),
kaolinite (1.8–75.2%, averaging 30.1%), and chlorite (0–13.8%,
averaging 4.8%) (Figure 2). Brittle minerals were concentrated at
the bottom of the upper lagoon facies, with values ranging from
38.23–73.23%, averaging 55.76%. At the bottom of the upper
lagoon facies, the TOC content ranged from 4.19–43.90%,
averaging 16.87%. Because of the high TOC content and high

FIGURE 2 | TOC content and mineral compositions of the shale reservoir in the Shan2
3 sub-member of Well DJ 3–4. (TOC, clay minerals, carbonate and quartz

data from Zhang et al., 2021)
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brittle minerals, the Shan2
3 shale at the bottom of the upper

lagoon facies is considered the most optimal shale interval
throughout the entire sub-members. Thus, seven shale samples
were recovered at the bottom of the upper lagoon facies for pore
size distribution analysis and SEM imaging.

4.3 Pore Structure of Shan2
3 Shale

4.3.1 Pore Size Distribution
According to the International Union of Pure and Applied
Chemistry pore classification, pores with a diameter <2 nm are
defined as micropores, 2–50 nm as mesopores, and >50 nm as
macropores. The CO2 adsorption mainly captures micropores
<1.5 nm, N2 adsorption can describe mesopores, and HPMI is
applicable for characterizing macropores by calculating the pore
radius and mercury intrusion volume at corresponding pressure
points using the Washburn equation. The overlapping section of
the measured pore size was integrated by the weighted average
method, whereas the nonoverlapping sections were still
characterized by their own methods. Thus, the combination of
the gas adsorption and HPMI allows for full-size characterization
of the Shan2

3 shale (Figure 3).
The full-size pore size distribution curves of Shan2

3 shale show
bimodal characteristics, and the peak values were 0.35–1.0 and
2–50 nm. The curve envelope area of the mesopores is equivalent
to that of the micropores, indicating both micropores and
mesopores are crucial in the total pore volume of Shan2

3

shale. The volume of micropores, mesopores, and macropores
obtained by three different methods were analyzed and listed in
Table 1. The results suggest that the pore volumes of the shale
were predominately micropores and mesopores. In particular, the

micropore volume ranges from 0.011 cm3/g–0.039 cm3/g (an
average of 0.025 cm3/g), accounting for 21.95–55.05% (an
average of 42.41%) of the total pore volume, and the
mesopore volume ranges from 0.016 cm3/g–0.039 cm3/g (an
average of 0.028 cm3/g), accounting for 37.97–64.60% (an
average of 49.58%) of the total pore volume, whereas the
macropore volume ranges from 0.001 cm3/g–0.009 cm3/g (an
average of 0.005 cm3/g), accounting for 5.1–13.46% (averaging
8.01%). Figure 3 shows that there is no obvious change in the
micropore volume when the increase in TOC is small. For
example, the pore volume is 0.0111 cm3/g when the sample
has a TOC of 8.66% and 0.0106 cm3/g at a TOC of 10.5%.
Evident variation in the shale’s micropore volume occurs only
with an exponential growth in the TOC. When that happens, the
peak value of the mesopores shifts toward the smaller pore size,
which is dramatically different from marine shale. For marine
shale, the micropore volume and mesopore volume increase with
an increase in TOC, and the changes are obvious (Song et al.,
2020). Therefore, the micropores and mesopores of the marine
shale originate mainly from pores generated by thermal evolution
of OM. While for transitional shale, the pore generation ability of
OM is poor, which causes no obvious increase in the micropore
volume when the TOC content increases.

The SEM observation of the Shan2
3 shale indicates that the

OM was highly homogenous and was banded or massively
dispersed between mineral particles. The overall development
of organic pores was poor. Only a small amount of isolated
elliptical pores, circular pores, and irregular pores (e.g., partially
angular pores) generated by hydrocarbon generation during
pyrolysis and shrinkage cracks between the edge of OM and

FIGURE 3 | Pore size distribution of typical shale samples of Shan2
3 shale.
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brittle minerals developed in Shan2
3 shale (Figure 4). Irregular

pores are often larger, whereas elliptical and circular pores are in
the mesoscale. Pores <6 nm were not visible in the scanning
images because of the limited resolution of the SEM. Figure 5
demonstrates the relationships between the pore volume and the
major components of Shan2

3 shale. The TOC content is positively
correlated with the micropore volume with the correlation
coefficient of 0.99, indicating that the OM has an absolute
control on the micropore development. However, because of
the resolution limitation, the micropores developed in the OM
were not observed well. Furthermore, the clay mineral content is
positively correlated with the micropore volume, and the
correlation coefficient was 0.49, indicating that clay minerals
have a certain contribution to the development of micropores;
however, their effect is limited. Alternatively, mesopores are
controlled mainly by clay minerals, as indicated by a strong
linear relationship with the clay content at a correlation
coefficient of 0.81. The SEM images also show that mesopores
were well developed in the clay minerals (Figure 6). The quartz

content shows negative correlations with the micropore volume
as well as mesopore volume, and the correlation coefficient of
micropores reached 0.89 and the mesopores reached 0.37. The
content is inversely proportional to the clay mineral content,
which inevitably causes the negative correlation between the
quartz content and pore volume because of the poor ability in
developing pores in quartz.

4.3.2 Specific Surface Area Distribution
The curve of SSA over pore size obtained by gas adsorption and
HPMI tests shows a unimodal distribution, and the peak value
was mainly distributed over 0.35–1.0 nm (Figure 7), indicating
the predominance of micropores over SSA. Similar to the pore
volume distribution, SSA remains stable as TOC increases
slightly. When TOC increases exponentially, SSA will change
significantly, and a new peak appears in the mesopore range;
however, the peak value is low, far below the SSA of micropores.

The TOC, clay mineral content, and SSA of micropores,
mesopores, and macropores are listed in Table 2. The SSA of

TABLE 1 | TOC content, clay mineral content, and volumes of micropores, mesopores, and macropores of Shan2
3 shale.

Parameter 176 178 180 188 184 182 186

Depth/m 2,145.00 2,145.38 2,145.63 2,147.13 2,146.25 2,145.88 2,146.50

Pore volume/cm3/g <2 nm 0.0111 0.0106 0.0259 0.0287 0.0305 0.0328 0.039
2–50 nm 0.0159 0.0312 0.02667 0.033 0.026 0.03886 0.0469
>50 nm 0.00145 0.0065 0.00305 0.00599 0.0033 0.00858 0.00495
Total volume 0.02845 0.0483 0.05562 0.06769 0.0598 0.08024 0.09085

TOC/% 8.66 10.5 27.8 28.9 34 34.7 43.9
Clay/% 44.31 50.80 44.67 57.72 50.50 58.77 61.08

FIGURE 4 | Organic pores in the Shan2
3 shale [(A,B) TOC � 14.4%; (C) TOC � 32.7%; (D,E) TOC � 20.5%; (F) TOC � 29.4%].

Frontiers in Earth Science | www.frontiersin.org February 2022 | Volume 9 | Article 8027136

Zhang et al. Composition Effect on Pore Structure

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


micropores ranges from 37.22 m2/g–135.78 m2/g (an average of
87.87 m2/g), accounting for 72.58–90.20% (average 82.62%) of
the total SSA. The SSA of mesopores ranges from 8.13 m2/
g–22.21 m2/g (an average of 15.32 m2/g), accounting for
9.81–22.79% (an average of 15.66%) of the total SSA. The SSA
of macropores ranges from 0.065 m2/g–0.373 m2/g (an average of
0.24 m2/g), accounting for 0.079–0.69% (average of 0.27%) of the
total SSA. Thus, the majority of SSA is contributed bymicropores,
and the previous analysis shows that there is a significant positive
correlation between micropores and TOC content, confirming
that TOC is the main factor affecting the SSA of the Shan2

3 shale
samples.

The TOC content of the samples was positively correlated with
the Langmuir volume, and the correlation coefficient was 0.64
(Figure 8), which is consistent with the conclusion obtained by
Cao et al. (2020) and Yang et al. (2019) regarding the relationship
between adsorption capacity and TOC for the transitional
Longtan shale. This reveals that Type-II2-III OM contains
numerous micropores (<2 nm) that are not captured by the

SEM. These micropores provide the main adsorption sites for
the adsorbed gas content in shale. Therefore, the contribution of
Type-II2-III OM cannot be ignored in the evaluation of the gas-
bearing property of transitional shale.

4.4 Composition Effect on the Pore
Structure
There are currently three methods available to understand the
composition effect on the pore structure. One method is to
separate the kerogen from the shale by chemical solution and
then characterize the quantitative influence of the OM on the
pore structure (Kuila and Prasad, 2013; Xiong et al., 2017;
Yang et al., 2019; Zhang et al., 2019). The second method is to
quantitatively analyze the pore characteristics of different
components by the direct SEM image observation (Wang et
al., 2016b; Adeleye et al., 2017; Sun et al., 2018; Zhang et al.,
2018). The third method uses a mathematical model to
quantitatively calculate the contribution of different

FIGURE 5 |Correlation of main shale components with micropores, mesopores, andmacropores for Shan2
3 shale [(A) TOC correlation with micropore, mesopore,

and macropore volumes; (B) clay minerals correlation with micropore, mesopore, and macropore volumes; (C) quartz correlation with micropore, mesopore, and
macropore volumes].
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FIGURE 6 | Pores developed in clay minerals [(A) 59.6% of clay minerals; intracrystalline pores in clay minerals, slender and curved in shape, and 200 nm to 2 μm
length; (B) 61.1% of clay minerals; clay minerals are associated with pyrite. Interlayer fractures of clay minerals are well developed and the width of fractures is generally
less than 100 nm; (C) 33.0% of clay minerals; intragranular pores of clay minerals, elongated in shape, 50–600 nm width, and 1–6 μm length; (D,E) 43.8% of clay
minerals; interlayer pores of clay minerals, pore size ranges from 20–100 nm; (F) 37.7% of clay minerals; intragranular pores of clay minerals, triangular or parallel
plates, 100 nm width, and 100–800 nm length).

FIGURE 7 | Distribution of pore SSA over the pore size of Shan2
3 shale.
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components to total pore structure parameters (Wang et al.,
2014). However, the process of chemical separation is
complex. The use of numerous chemical additives destroys
the original pore system to a certain extent and reduces the
precision. The SEM method may yield nonrepresentative
statistics because of the limited sample size and resolution.
However, plentiful statistics are both time- and labor-
consuming. Considering the limitation of the

aforementioned methods, the composition effect on the
pore structure was quantified in our study using the
difference of shale and the third method. On the basis of
brittle minerals, clay minerals, and OM, the three-layered-
rock physical model of shale was established, and the
corresponding calculation formula is as follows:

ρ × ABri × VBri + ρ × AClay × VClay + ρ × ATOC × VTOC � Φ,

where ρ is the density of shale (t/m3), A is the mineral percentage
(%), V is the unit mass pore volume (m3/t), and Φ is the shale
porosity (%).

The results show that brittle mineral pores account for
1.9–7.3% (an average of 4.4%), OM pores account for
0.26–44.1% (an average of 18.7%), and clay mineral pores
account for 53.8–93.3% (an average of 76.9%) of the shale
porosity (Figure 9). The high contribution rate of organic
pores to the total porosity is contrary to the SEM observation.
Because the pores that developed in the OM were so small that
they were not visible under SEM observation. Yang et al. (2019)
also suggested that Type-III kerogens contain numerous SEM-
invisible micropores (<2 nm). Therefore, the storage space of the
Shan2

3 shale was dominated by clay mineral pores and OM pores.
The brittle mineral is predominately quartz that has a poor ability
to form pores. Thus, the quantitative research of the composition
effect on the pore structure focused on the clay mineral and
OM pores.

The clay mineral contents of Sample 176 and Sample 180
were nearly the same, with values of 44.31 and 44.67%,
respectively. The TOC content of these two samples was
8.66 and 27.8%, respectively. The clay mineral content of
Sample 184 and Sample 178 were also equivalent, with values
of 50.5 and 50.8%, respectively, and the TOC content was 34
and 10.5%, respectively. These two sets of samples were used
to quantify the OM pore structure. It is assumed that the pores
are homogeneously developed with similar clay mineral
contents; therefore, the differences in the pore volume and
pore SSA of the samples were caused by the difference in the
TOC content. The distributions of the pore volume and pore
SSA differentials are shown in Figure 10. The difference
between the two groups of the samples was arithmetically
averaged to obtain the full-scale pore size distribution of per
unit mass TOC (Figure 10A–1 and Figure 10A–2). The pore
volume of OM shows a bimodal distribution, with two distinct
peaks that appear at 0.35–1.0 nm and 2–10 nm. Micropores

TABLE 2 | TOC content; clay mineral content, and volumes of micropores, mesopores, and macropores of Shan2
3 shale.

Parameter 176 178 180 188 184 182 186

Depth/m 2,145.00 2,145.38 2,145.63 2,147.13 2,146.25 2,145.88 2,146.50

Specific surface area/m2/g <2 nm 37.22 41.4 87.7 98.35 105.66 109 135.78
2–50 nm 8.13 12.33 11.858 22.21 16.702 20.154 15.836
>50 nm 0.065 0.373 0.33 0.271 0.097 0.369 0.182
Total 45.415 54.103 99.888 120.831 122.459 129.523 151.798

TOC/% 8.66 10.5 27.8 28.9 34 34.7 43.9
Clay/% 44.31 50.80 44.67 57.72 50.50 58.77 61.08

FIGURE 8 | Correlation between TOC and Langmuir′s volume of
methane for Shan2

3 shale.

FIGURE 9 | Proportion of pores in Shan2
3 shale.
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constitute most of the pore volume. The peak volume reaches
5.68 × 10−5 cm3/g at 0.48 nm and declines to 1.75 × 10−5 cm3/g
at 4.8 nm, further confirming the contribution of the
micropores. The SSA of OM is a unimodal distribution,
with the peak at 0.35–1.0 nm. The peak value was 0.26 m2/g
at 0.4 nm.

When quantifying the pore size distribution of clay
minerals, the TOC content of the samples should be
equivalent. The TOC contents of Sample 182 and Sample
184 were 34.7 and 34%, respectively. The clay mineral content
of the two samples was 58.77 and 50.5%, respectively. Sample
188 had a TOC of 28.9% and a clay mineral content of 57.72%,
whereas Sample 180 had a TOC of 27.8% and a clay mineral
content of 44.67%. The difference in the TOC content between
Sample 182 and Sample 184 was 0.7% and 1.1% for Sample 188
and Sample 180. As stated in Section 4.3.2, the changes in the
pore volume and pore SSA are not obvious when the TOC
increases slightly. Therefore, when the difference of TOC is
0.7 and 1.1%, the pores generated by OM are equivalent, and
the difference in pore volume and pore area is because of
differences in the clay mineral content. The pore volume and
pore area generated by the difference of the clay mineral
content in the two groups of samples were calculated to
obtain the pore size distribution of per unit mass clay
minerals (Figures 10B–1 and Figure 10B–2). The pore
volume of clay minerals shows a multimodal distribution
with several distinct peaks that appear at 0.35–1.0 nm,
2–10 nm, 10–100 nm, and >1,000 nm. The envelope areas

of 2–10 nm and 10–100 nm peak curves were considerably
larger than those of >1,000 nm and <2 nm peak curves,
suggesting mesopores and small-scale macropores
generated by clay minerals play a dominant role in the
contribution to pore volume, which is consistent with the
understanding stated in Section 4.1. The pore SSA of clay
minerals shows a bimodal distribution, with two peaks that
appear at 0.35–1.0 nm and 2–10 nm. However, the envelope
area of the micropore curve is considerably larger than that of
the mesopore curve, indicating that the SSA is provided
mostly by micropores.

The influence of TOC on the pore structure was quantitatively
analyzed and compared with previous studies. According to the
pore volume and pore area distribution characteristics of the full-
scale pore size distribution of OM, the pore volume and pore area
generated by 1 g OM were 0.0008 cm3/g and 2.95 m2/g,
respectively. The TOC content of the samples in this test
ranges from 8.66–43.9%, and the pore area generated by OM
ranges from 25.5 m2/g–129.5 m2/g (an average of 79.4 m2/g),
accounting for 56.3–85.3% (an average of 73.2%) of the total
pore SSA. The pore volume provided by OM pores ranges from
0.006 cm3/g–0.035 cm3/g, averaging 0.021 cm3/g and accounting
for 17.4–45.5% (average of 33.5%) of the total pore volume. The
contribution ratio of OM to the pore SSA obtained by the
differential method in this article is comparable to the 72.37%
obtained by Xiong et al. (2017) and 87% obtained by Yang et al.
(2019). Both quantified the contribution ratio via chemical
separation of the OM obtained from the Shanxi Formation

FIGURE 10 | Distribution of pore volume and pore SSA over pore size of OM (A-1,A-2) and clay minerals (B-1,B-2) of Shan2
3 shale.
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and Longtan Formation samples, respectively. Therefore,
micropores of Type-II2-III kerogen in transitional shale
provide most of the shale’s SSA, even though mesopores and
macropores are absent. The contribution ratio of OM to pore
volume is greater than that calculated by Yang et al. (2019),
possibly because the samples analyzed were recovered from the
bottom of the upper lagoon facies, which contained a high TOC
of 8.66–43.9% (average 26.9%). Thus, the abundance of
micropores in OM results in a relatively high contribution
ratio to pore volume.

5 CONCLUSION

As a case study, Shan2
3 shale was systematically analyzed for its

geochemical characteristics, mineral compositions, and pore
structure characteristics. The following conclusions were made:

1) Shan2
3 shale was characterized by high TOC (average of

5.78%), high clay mineral content (average 53%), and high
maturity (average Ro of 2.3%) that indicates a dry gas window.
The shale interval located at the bottom of the upper lagoon
facies is considered the most optimal interval with higher
TOC (4.19–43.90%; an average of 16.87%) and relatively high
content of brittle minerals (38.23–73.23%; an average of
55.76%).

2) The micropore volume and mesopore volume were nearly the
same, and they account for 86.5–95% (average 92.2%) of the
total pore volume. Micropores are the major contributor to
SSA, accounting for 76.5–89.4% (average of 83.9%) of the
total SSA.

3) OM mainly contains micropores (<2 nm), and clay minerals
mainly contain mesopores and smaller macropores. The
calculated contribution ratio of OM to the shale’s SSA is
73.2% and that to the shale’s total volume is 33.5%. For

transitional shale research, besides clay mineral pores,
organic matter pores should also be given special attention to.
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