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To characterize the coal measure shale pore structure of the Xiashihezi Formation in

the Sunan Syncline block, a series of experimentswere conducted. Results show that

themain components of the shales are clayminerals and quartz, and organicmatter,

fluid escaping, interlayer, intercrystalline and interparticle pores are well-developed.

The shale pore specific surface area (SSA) is concentrated in the pores with the size

of <50 nm and is significantly higher in the pores with the size of < 5 nm, indicating

that theseporeshavean important effectongas adsorption. The shalepore volume is

mainly concentrated near the pore size of 10 nm, followed by 10,000–100,000 nm,

indicating that in addition to the fractures, thematrix poreswith a size of about 10 nm

contribute themost to pore volume and free gas accumulation. The volume and SSA

of themicropore, small pore, andmesopore increasewith theTOCcontentwhen it is

lower than 6%, leading to higher porosity and total pore SSA of the shales. However,

this positive correlation disappears under the compaction effect when the TOC

content is higher than6%.Theclaymineral content hasnegative correlationswith the

volume and SSA of the mesopore and macropore under the compaction and pore

blockage effects, but it correlates poorly with those of themicropore and small pore,

causing a decrease in the shale porosity as it increases, while the brittle mineral can

promote mesopore and macropore development and is conducive to micropore

and small poremaintenancewhen its content is higher than45%.As a result, the shale

porosity tends to increase with the brittle mineral content. This study is helpful in

clarifying the coal measure shale gas enrichment law in the block and in providing

fundamental support for coal measure gas efficient development.
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1 Introduction

Coal measure shales are fine-grained sedimentary rocks that

have genetic relationships with coal seams in coal-bearing

formation and are characterized by lamellae or laminated

structures, as well as complicated composition and pore

structure (Cao et al., 2014; Cao et al., 2015; Zuo et al., 2017).

Based on the color and mixture composition, it can be divided

into siltstone, silty mudstone, and mudstone that include

carbonaceous, calcareous, siliceous, ferruginous mudstones etc.

Previous studies show that coal measure shales generally possess

low porosity, permeability, and gas content but high resource

abundance because of high thickness, and its pore structure

characteristics have a significant effect on gas enrichment and

development conditions (Wang et al., 2016a).

Shales have a pore–fracture system, and the matrix pores

determine the shale gas occurrence, desorption, and diffusion,

while the fractures determine the conduit for fluid seepage flow.

Related research studies have been focused on the pore volume

and specific surface area (SSA) distributions, genetic types, and

influencing factors of the pore structure (Schmitt et al., 2013;

Zhang et al., 2017a; Middleton et al., 2017; Wang et al., 2021).

There are two types of methods that have been widely adopted to

analyze pore structure. One is morphological observations,

including optical microscopy (Wang et al., 2017), scanning

electron microscopy (SEM) (Wang et al., 2016b), transmission

electron microscopy (TEM) (Wei et al., 2018), and atomic force

microscopy (AFM) (Zhao et al., 2019), and the other is physical

measurements, including mercury injection (Li et al., 2018a),

low-temperature N2 and CO2 adsorption (Liu et al., 2017; Song

et al., 2017), nuclear magnetic resonance (NMR) (Zhang et al.,

2019a), computed tomography (micro- and nano-CT) (Josh

et al., 2012) and small-angle neutron scattering/ultra-small-

angle scattering (SANS/USAS) (Clarkson et al., 2013). In

addition, two methods have been widely adopted for pore

classification according to the pore size distribution. One is

the method that was proposed by the International Union of

Pure and Applied Chemistry (IUPAC), who classified the pores

into micropore (<2 nm), mesopore (2–50 nm), and macropore

(>50 nm). The other was proposed by B. B. XOEOT, and the

pores are classified into micropores, small pores, mesopores, and

macropores by the boundaries of 10, 100, and 1,000 nm (Cao and

Guo, 2020).

In terms of the genetic types and major composition, shale

pores can be classified as OM pores, interparticle pores,

intercrystalline pores, dissolved pores, fluid escaping pores etc.

Among them, the OM pores and the intercrystalline and

interparticle pores in clay minerals are the main types (Li

et al., 2018b; Chen et al., 2016; Slatt and O’Brien, 2011; Ko

et al., 2018). Most shale pores are slit-shaped with a pore size of

less than 100 nm. The pore volume and SSA are mainly provided

by the pores with the size of < 50 nm, and the pores with the size

of < 10 nm contribute well to the total SSA (Fishman et al., 2012;

Zhang et al., 2016a; Zhang et al., 2016b; Chen et al., 2017; Zuo

et al., 2017). Previous studies show that the coal measure shale

pore structure is affected by multiple factors. Pan et al. studied

the coal measure shale pore structure of the Taiyuan Formation

in Huainan Coalfield and found that the OM and clay mineral

can promote nanoscale pore development, while the quartz

content correlates poorly with the pore structure (Pan et al.,

2017; Ge et al., 2020). Zhang et al. (2019b) and Yuan et al. (2021)

studied the shale pore structure of Shanxi and Taiyuan

formations in the central Qinshui basin. They found that the

OM has a significant promotion effect on the development of

pores with a size of < 50 nm, followed by the clay mineral

content; however, quartz is not conducive to pore

development (Zhang et al., 2019b; Yuan et al., 2021). Zhang

et al. (2017b) demonstrated that all the contents of OM, clay, and

brittle minerals correlate poorly with the porosity and total pore

SSA when they studied the coal measure shales of the Yan’an and

Taiyuan formations in the northeastern margin of the Ordos

Basin and thought that the effect of a single factor on the pore

structure is not significant. Some other researchers found that

both the OM and brittle mineral have a promotion effect on shale

pore development, and the support effect provided by the brittle

mineral is important for pore maintenance, especially for the

transitional shale that possesses relatively higher clay mineral

content. Also, the increase of clay mineral content may aggravate

pore collapse, leading to the decrease in pore volume and SSA

(Pan et al., 2017; Zhao et al., 2017). According to the

abovementioned research studies, there are certain differences

in the coal measure shale pore structure and its control effect in

different regions. To date, most shale pore studies have focused

on marine and terrestrial shales, while the research of coal

measure shale pore structure is still lacking comparatively and

needs to be further performed.

The coal seams of the Xiashihezi Formation, Middle

Permian, in the Sunan Syncline block are the main target for

coalbed methane (CBM) development in the area. However,

affected by geological and technical factors, the CBM wells

generally face the problem of low gas production. Previous

tests and theoretical analyses show that the coal measure

shales in the Xiashihezi Formation have abundant gas

resources, and engineering tests indicate that the combined

development of CBM and the shale gas (i.e., coal measure gas

development) can effectively increase the gas production of the

low-yield CBM wells, indicating that gas resources in the coal

measure shales possess important development value (Su et al.,

2018a). However, previous studies of the Permian coal-bearing

formation are mainly focused on coal seams, while there is still a

lack of research on the coal measure shales in the formation,

which hinders efficient development of coal measure gas in the

block (Wei et al., 2007; Gui and Chen, 2016; Liu et al., 2016).

Therefore, this study aims to study the pore structure

characteristics of these coal measure shales and to provide

fundamental supports for clarifying the shale gas enrichment
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law and the efficient development of coal measure gas in the

block.

2 Geological setting and
methodology

2.1 Geological settings

Sunan Syncline block is located in the southern part of the

North China basin, and the Sunan Syncline is a south–north

distributed open-branched syncline. The formations in the

southern block are continuous, while some formations in the

northeast are interrupted by a northwest-trending overthrust

fault (Figure 1). The syncline was infilled with sediments of the

Xiashihezi Formation that were deposited under a regression

delta plain environment during the late Paleozoic and with a

burial depth of 447–2,000 m. The Xiashihezi Formation is about

127–386 m thick and is generally thicker in the north and center

than in the south and two flanks of the block (Wang et al., 2020).

The lithology of this formation includes a series of shallow gray

fine sandstones, siltstones, gray to dark, and gray to grayish black

silty mudstones, carbonaceous mudstones, and No. 4–No. 9 coal

seams. Also, the Xiashihezi Formation can be divided into two

parts separated by a sandstone on the top of the No. 6 coal seam.

The lithologies of the lower part are mainly gray, dark gray, and

grayish black mudstone that contains some oolitic structures and

siderite, sandy mudstones, and gray and grayish black fine

sandstones that are interbedded with a gray and greyish white

fine sandstone. The lower part also contains No. 6–No. 9 coal

seams that are the main target of CBM development (Figure 2)

and is the study section of this article.

2.2 Methodology

A total of 18 coal measure shale samples were collected

from the Xiashihezi Formation of the Well MCQ-01 (see

Figure 2 for the locations). X-ray diffraction (XRD)

analysis was conducted on the shale powder samples with a

D/max2500 type diffractometer according to the Chinese

standard SY/T 5163-2010 to obtain the mineral

composition (The Chinese Standard of Petroleum and

Natural Gas Industry, 2010). An FE-SEM test was

conducted on the shale samples using a QUANTA-FEG

250 ESEM following the standard SY/T 5162–2014 to

observe the micromorphology of the pore and fractures, as

well as the mineral composition (The Chinese Standard of

Petroleum and Natural Gas Industry, 2014). Also, the total

organic carbon (TOC) content of the samples was measured

FIGURE 1
Location of the Sunan Syncline block and the structural contour map of the No. 71 coal seam floor.
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by a LECOCS-200 carbon and sulfur analyzer in accordance

with the Chinese standard GB/T 19145-2003 (The National

Standard of the People’s Republic of China, 2003).

To characterize the shale pore structure at the micrometer

scale to the nanometer scale, mercury injection and low-

temperature N2 and CO2 adsorption tests were adopted. The

mercury injection test employed a PoreMaster-33 mercury

porosimetry apparatus and follows the Chinese standard GB/T

21650.1-2008 (The National Standard of the People’s Republic of

China, 2008a). The low-temperature N2 and CO2 adsorption

tests employed a V-Sorb 2800TP pore surface analyzer and

follow the Chinese standards GB/T 21650.2-2008 and GB/T

21650.3-2011 (The National Standard of the People’s Republic

of China, 2008b; The National Standard of the People’s Republic

of China, 2011; Zhang et al., 2020).

In addition, considering that the main object of coal measure

gas development in this area is the CBM, the pore classification

method proposed by B. B. XOEOT that has been widely used for

coal pore characterization was adopted to classify the shale pores

for facilitating the comprehensive evaluation of coal and shale

reservoirs.

3 Results and discussion

3.1 Coal measure shale types

The coal measure shales are mainly composed of quartz with

a content of 22.78%–55.87%, clay minerals with a content of

28.90%–76.27%, and little plagioclase and siderite. Also, calcite

and pyrite were observed in individual samples. The clay

minerals are mainly composed of illite–smectite mixed-layer

(I/S) and kaolinite, which account for more than 95% of the

mineral content, as well as little illite and chlorite. In addition, the

TOC content of the shales ranges from 0.18% to 14.30%

(Table 1). Based on the mineral composition, structural, and

logging characteristics, the coal measure shales of the Xiashihezi

Formation are classified into four types (Figure 3).

3.1.1 Mudstones
The mudstones in the formation are mainly dark gray and

grayish black in color with mostly horizontal beddings and slab

and schistose structures (Figure 3A). Some mudstones are

interbedded with light-colored siltstones and silty mudstones,

FIGURE 2
Lithology, logging, and sample acquisition at the Well MCQ-01.

Frontiers in Earth Science frontiersin.org04

Wang et al. 10.3389/feart.2022.1017429

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1017429


TABLE 1 TOC content and mineral composition of the coal measure shale samples of the Xiashihezi Formation.

Sample Lithology TOC
(%)

Quartz
(%)

Calcite
(%)

Plagioclase
(%)

Siderite
(%)

Pyrite
(%)

Smectite
(%)

I/
S (%)

Illite
(%)

Kaolinite
(%)

Chlorite
(%)

1 Silty mudstone 3.82 55.78 4.81 4.81 1.92 0 0 2.6 0.87 25.39 0

2 Silty mudstone 0.18 41.92 0 2.99 2.99 0 0 7.79 1.04 43.08 0

3 Silty mudstone 0.39 40.84 0 4.98 3.98 0 0 8.96 1 39.84 0

4 Silty mudstone 1.72 43.24 0 0 0 0 0 14.31 1.10 39.63 0

5 Silty mudstone 1.29 39.48 0 0 0 0 0.59 13.03 0 45.6 0

6 Siltstone 1.65 43.27 0 0 0 0 0 31.39 1.10 22.58 0

7 Silty mudstone 0.7 32.77 0 0 1.99 2.98 0 17.24 2.46 41.86 0

8 Mudstone 0.96 22.78 0 0 0 0 0 6.1 0.76 69.4 0

9 Carbonaceous
mudstone

14.3 29.14 0 0 0 0 0 6.79 1.13 48.64 0

10 Silty mudstone 1.85 50.06 0 0 2.94 0 0 20.32 1.35 23.48 0

11 Siltstone 1.22 36.55 0 0 0 0 0 16.18 1.24 44.81 0

12 Carbonaceous
mudstone

13.3 40.75 0 6.94 2.6 0 0 29.86 1.09 5.46 0

13 Carbonaceous
mudstone

6.5 46.94 0 4.49 3.18 0 0 33.84 0 3.5 1.56

14 Silty mudstone 4.26 37.82 0 2.11 0 0 0 30.7 2.79 13.95 8.37

15 Mudstone 1.75 25.55 0 0 0 0 0 21.81 1.45 49.44 0

16 Silty mudstone 2.4 32.21 0 0 1.95 0 0 30.45 1.90 31.09 0

17 Carbonaceous
mudstone

13 33.93 0 0 0.87 0 0 26.62 1.04 24.53 0

18 Silty mudstone 0.55 42.76 0 13.92 2.98 0 0 34.61 1.99 3.18 0
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and both directionally aligned muscovite and plant detritus on

bedding planes (Figures 3E,F). The mudstones mainly comprise

clay minerals (accounting for more than 70%), clastic quartz

(accounting for 20%–25%), and little OM, calcite, plagioclase,

siderite, and mica (accounting for lower than 5% in total). The

clay minerals are mainly composed of kaolinite and I/S, of which

the kaolinite content accounts for more than 50% (Table 1).

Compared with other shales, the mudstones possess relatively

high clay mineral content and are characterized by the logging

responses of high natural gamma ray (GR), high spontaneous

potential (SP), high bulk density (DEN), high compensated

neutron log (CNL), low sonic slowness (AC), and low

resistivity (Rt). Data from the Well MCQ-01 indicate that the

GR values of the mudstones are greater than 100 API, while the

SP values are greater than 97 mV. The logging interpretations

indicate that the mudstones generally possess high shale content

(Vsh) and porosity and low TOC content (Figure 2).

3.1.2 Carbonaceous mudstone
The carbonaceous mudstones are mainly grayish black and

black in color and contain textures that include both slab and

schistose structures caused by the horizontal beddings

(Figure 3B). The rock composition is complicated and

includes clay minerals, quartz, siderite, and plagioclase. The

content of clay minerals and quartz is generally higher than

80%. Also, this shale is mainly distributed adjacent to coal seams

or developed independently as thin beds and contains lots of

fossil fragments. The TOC contents of the carbonaceous

mudstone samples are 6.5%–14.3% (avg. 11.27%), which are

obviously higher than those of other shales (0.18%–4.26%,

avg. 2.4%), indicating that these shales may possess better gas

accumulation condition and high development value (Table 1),

while its logging responses are basically similar to the mudstones

(Figure 2).

3.1.3 Silty mudstone
The silty mudstones in the formation are mainly gray and

dark gray in color and developed with horizontal and wavy

beddings. Also, it generally presents as thin beds and is

interbedded with other rocks (Figures 3C,F). The minerals in

this shale are mainly clay minerals with a content of 30%–70%, as

well as silt clasts composed of quartz, calcite, plagioclase, and

siderite (Table 1). The clay mineral and TOC contents of the silty

mudstones are relatively lower than those of the mudstones and

carbonaceous mudstones, respectively, while its brittle mineral

content is relatively higher, indicating that it may possess higher

fracability and is more favorable for hydrofracturing (Su et al.,

2018b). Also, compared with the mudstones and siltstones, the

GR, DEN, CNL, AC, and RT of the silty mudstones show a

“median value”. In particular, the GR, SP, and CNL values of the

silty mudstones are 70–100 API, 93–97 mV, and 18–28 PU,

respectively, and the logging interpretations show that it

generally possesses medium Vsh and TOC and low porosity

(Figure 2).

3.1.4 Siltstone
The siltstones in the formation are generally gray or grayish

white in color and contain well-developed horizontal and wavy

beddings and also present the form of thin bed interbedded with

other rocks (Figures 3D,E). The thickness of this shale can be up

to 3–5 m, and it is mainly composed of fine and pulverous sand

clasts with the content of more than 70% in total, as well as few

FIGURE 3
Core image of different coal measure shales from the Well MCQ-01. (A) Mudstones; (B) carbonaceous sediments; (C) silty mudstone; (D)
siltstone; (E) mudstone and siltstone alternating layers; and (F) mudstone and silty mudstone alternating layers.
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clay minerals. The mineral composition of this shale is generally

similar with that of the silty mudstone (Table 1), and it is

characterized by low GR, low SP, low CNL, low AC, high

DEN, and high RT values, and the logging interpretations

indicate that it has low Vsh and TOC but high porosity.

3.2 FS-SEM observations and pore types

The results of the FS-SEM test show that the coal measure

shales are not only mainly composed of quartz and clay minerals

but also contain small amounts of feldspar, gypsum, pyrite, and

OM clasts. In particular, quartz can be subdivided into clastic and

authigenic forms according to the genesis (Figures 4A–C), of

which authigenic quartz is shown as secondary enlargements and

contains inclusions (Figure 4B). Also, the feldspar cleavage is

present in the samples (Figure 4C), and the gypsum presents

typical columnar crystals and characteristics of hydrothermal

genesis (Figure 4E). The strawberry-shaped pyrite crystals are

developed inside the desmocollinite of the samples, indicating it

was formed under a strongly reducing environment (Figure 4F).

The kaolinite and I/S are the dominant clay minerals (Figures

4K,L), and the kaolinite can be classified into feldspar alternation

and depositional types according to the differences in genesis.

The feldspar alternation type retains the cleavage texture of

feldspar (Figure 4D), while the depositional type has a wormy

texture (Figure 4C). The maceral of OM includes telinite (Figures

4D,G), desmocollinite (Figure 4H), telocollinite (Figures 4I,J),

FIGURE 4
Field emission scanning electron microscope (FE-SEM) images of the coal measure shale samples.
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and sporinite (Figure 4A), of which the desmocollinite contains

quartz grains at the nanometer-scale (Figure 4H), while cleats are

developed in the telocollinite (Figure 4I).

Different types of pores were observed in the samples at the

nanometer-scale to micrometer-scale, which are well-developed

in the OM and clay minerals. The observations show that the OM

pore is mostly globose, ellipsoid, and honeycomb-shaped

between 5 and 2,000 nm in size (Figure 4I), and the natural

fractures in the samples act as channels connecting the matrix

pores (Figures 4G,I). Numerous fluid escaping, interlayer,

intercrystalline, and interparticle pores are also developed in

the clay minerals, and these pores, presenting mostly ellipsoid,

band, and triangular shapes, are between about 5 and 1,000 nm in

size and possess good connectivity. Fluid escaping,

intercrystalline, and interparticle pores were observed in the

kaolinite (Figures 4C,D), while fluid escaping and interlayer

pores also commonly exist in the I/S (Figures 4K,L).

Interparticle pores are well-developed between the clastic

mineral grains, including quartz and feldspar, and have the

size between 0.2 and 3 μm (Figure 4C). Meanwhile, the

observations also show that the pyrite and gypsum contain

intercrystalline pores (Figures 4E,F).

3.3 Mercury injection test

Mercury injection can measure the pores ranging from

nanometer- to millimeter-scales which is conducive to explore

the overall distribution characteristics of pores. The results show

that the porosity of the coal measure shale samples ranges from

2.04% to 6.31% (avg. 3.38%), while the total pore volume ranges

from 0.008 to 0.0249 cm3/g (avg. 0.0140 cm3/g), and the total SSA

ranges from 0.9531 to 6.2959 m2/g (avg. 2.1897 m2/g)

(Tables 2, 3).

The volumetric ratios of the micropores, small pores,

mesopores, and macropores are 10.04%–21.37% (avg. 14.95%),

14.87%–59.28% (avg. 34.86%), 0%–7.14% (avg. 3.98%), and

10.41%–70.50% (avg. 46.30%), respectively, indicating that the

macropores and small pores are the main contributors to the

pore volume and provide the main spaces for the free gas

(Table 2). Additionally, the SSA ratios of the micropores,

small pores, mesopores, and macropores are 34.30%–61.63%

(avg. 49.29%), 38.32%–65.28% (avg. 50.15%), 0%–1.12% (avg.

0.48%), and 0.02%–1.16% (avg. 0.08%), respectively, showing

that the micropores and small pores are the main contributors of

the SSA and impose more impact on shale gas adsorption

(Table 3).

Also, the pore volume distributions can be classified into

unimodal, bimodal, and multimodal types. In particular, the

unimodal type only exists in individual silty mudstones, and

the pore volume is mainly provided by the micropores and small

pores. The mercury injection curve of the unimodal type

increases quickly in the micropore and small pore regions,

and the pore volume peak appears at about 10 nm diameter

(Figure 5A). The bimodal type is observed in mudstones and

partial silty mudstones and is mainly characterized by two peaks

of pore volume, i.e., one at about 10 nm diameter and the other at

the region of 10,000–100,000 nm diameter. Moreover, fewer

TABLE 2 Results of the porosity and pore volume distribution of the coal measure shale samples by the mercury injection test.

Sample Porosity
(%)

Pore volume (cm3/g) Pore volumetric ratio (%)

Micropore Small
pore

Mesopore Macropore Total Micropore Small
pore

Mesopore Macropore

2 2.04 0.0008 0.0033 0.0002 0.0037 0.0080 10.20 41.04 2.94 45.8

3 3.36 0.0022 0.0046 0 0.0066 0.0134 16.44 34.30 0 49.26

4 3.18 0.0014 0.0034 0.0008 0.0073 0.0129 10.85 26.36 5.82 56.97

5 2.38 0.0015 0.0033 0.0006 0.0040 0.0094 15.59 35.37 6.82 42.21

6 2.25 0.0009 0.0027 0.0004 0.0050 0.0090 10.34 29.66 4.83 55.17

8 2.57 0.0024 0.0051 0.0002 0.0033 0.0110 21.37 46.81 1.65 30.17

9 3.71 0.0022 0.0052 0.0004 0.0072 0.0150 14.34 35.00 2.64 48.03

11 2.68 0.0015 0.0048 0.0007 0.0038 0.0108 13.89 44.44 6.83 34.84

12 4.89 0.0022 0.0032 0.0010 0.0153 0.0218 10.04 14.87 4.59 70.50

13 5.49 0.0034 0.0061 0.0011 0.0114 0.0220 15.47 27.69 5.00 51.83

14 6.31 0.0058 0.0148 0.0018 0.0026 0.0249 23.17 59.28 7.14 10.41

15 2.73 0.0016 0.0021 0 0.0074 0.0111 14.81 18.52 0 66.66

16 3.63 0.0027 0.0092 0.0012 0.006 0.0191 14.15 48.38 6.07 31.40

17 2.30 0.0018 0.0028 0.0002 0.0046 0.0093 19.00 29.97 1.65 49.38

18 3.18 0.0019 0.0040 0.0003 0.0066 0.0129 14.56 31.18 2.41 51.85
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pores exist within the 100–10,000 nm diameter range, where the

mercury injection curve presents an increasing segment, and the

pore volumetric ratio is lower than 5% (Figure 5B). The

multimodal type is only observed in individual silty

mudstones and shares similar features with the bimodal type,

although the mesopore volume increases slightly in this type

(Figure 5C). In addition, the SSA of the samples is mainly

concentrated within the micropores and the small pores with

the size of < 50 nm and presents unimodal characteristics

(Figure 5).

3.4 Low-temperature N2 adsorption test

The low-temperature N2 adsorption test can quantitatively

determine pore structural characteristics between 2 and 50 nm. It

should be noted that the pores with the size of < 50 nm are the

main contributor to the SSA according to the mercury injection

test, and it would be helpful for clarifying the gas occurrence

characteristics by conducting a more detailed study on these

pores separately.

The Barrett–Joyner–Halenda (BJH) and

Brunauer–Emmett–Teller (BET) methods were adopted to

obtain the pore volume and SSA parameters, respectively

(Gregg and Sing, 1982; Ross and Bustin, 2008). The results

show that there are significant differences in the pore volume

and SSA distributions of the pores with the size of lower or higher

than 5 nm. Particularly, for pores with the size of 2–5 nm, the

total pore volume is 0.0004–0.0061 cm3/g (avg. 0.0029 cm3/g),

and the pore volumetric ratio is relatively low, i.e., 14.29%–

36.22% (avg. 21.72%). Also, the total SSA of these pores is

0.5653–7.9056 m2/g (avg. 3.7765 m2/g), and the SSA ratio is

46.10%–67.63% (avg. 57.04%). For the pores with the size of

5–50 nm, the total pore volume and volumetric ratio are

0.0027–0.0131 cm3/g (avg. 0.0099 cm3/g) and 63.78%–85.71%

(avg. 78.28%), respectively. The total SSA and SSA ratio of

these pores are 0.6609–3.9798 m2/g (avg. 2.6612 m2/g) and

32.37%–53.90% (avg. 42.97%), respectively (Table 4). The

aforementioned results indicate that as the pore size decreases,

the complexity of the shale pore surface increases, resulting in

more spaces for shale gas adsorption.

In addition, the pore structure characteristics of the coal

measure shale exhibit universal regularity. Particularly, the pore

volume increases slowly between the sizes of 2 and 5 nm and then

rapidly increases between 5 and 50 nm (Figure 6A). A peak of the

SSA appears at the pore size of about 3 nm, and the SSA decreases

between the sizes of 3 and 5 nm and then slowly increases as the

pore size increase until it reaches a peak at about 30 nm. After

that, the SSA slowly decreases (Figure 6B).

The N2 adsorption test can also provide a reference for

characterization of the micropores with the size of < 2 nm,

and the Saito–Foley (SF) theory is generally adopted to obtain

the pore volume distributions. The results show that the lower

limit of the pore size that can be detected is 0.7 nm, and the pore

volume increases with the decrease of pore size in the range of

0.7–2 nm (Figure 7A). Given that the pore surface complexity

tends to increase with the decrease of pore size, the SSA ratio of

the pores might be higher as the pore size decreases.

TABLE 3 Results of the specific surface area distribution of the coal measure shale samples by the mercury injection test.

Sample Specific surface area (m2·g−1) Specific surface area ratio (%)

Micropore Small
pore

Mesopore Macropore Total Micropore Small
pore

Mesopore Macropore

2 0.3769 0.7175 0.0028 0.0018 1.099 34.30 65.28 0.26 0.16

3 1.0968 1.2326 0 0.0006 2.3300 47.07 52.90 0 0.03

4 0.6955 0.6481 0.0152 0.0023 1.3611 51.1 47.62 1.12 0.16

5 0.7362 0.8246 0.0121 0.0012 1.5741 46.77 52.39 0.77 0.08

6 0.4496 0.496 0.0062 0.0013 0.9531 47.18 52.04 0.65 0.13

8 1.1759 1.1912 0.0043 0.0006 2.3720 49.57 50.22 0.18 0.02

9 1.0840 1.1175 0.0068 0.0017 2.1100 49.05 50.57 0.31 0.08

11 0.7180 1.0073 0.0140 0.0017 1.7410 41.24 57.86 0.81 0.09

12 1.0872 0.7044 0.0185 0.0029 1.8130 59.97 38.85 1.02 0.16

13 1.6729 1.2690 0.0222 0.0027 2.9670 56.38 42.78 0.75 0.09

14 2.7994 3.4620 0.0325 0.002 6.2959 44.46 54.99 0.52 0.03

15 0.8253 0.5131 0 0.0006 1.3390 61.63 38.32 0 0.05

16 1.3466 2.0956 0.0221 0.0018 3.4661 38.85 60.46 0.64 0.05

17 0.9288 0.6200 0.0012 0.001 1.5510 59.88 39.98 0.08 0.06

18 0.9709 0.8983 0.0026 0.0012 1.8730 51.83 47.96 0.14 0.06
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In addition, the International Union of Pure and Applied

Chemistry (IUPAC) classified the gas adsorption isotherms into

six types (i.e., Ӏ–VI) and the hysteresis loop into four types

(i.e., H1–H4) (Ji et al., 2014). Accordingly, the adsorption and

desorption isotherms of the coal measure shales can be classified

as type II and H3, indicating that the slit-shaped pores are well-

developed in the shales (Figure 7B). This is consistent with the

observations by FE-SEM, of which the clay minerals in the shale

samples develop numerous intercrystalline pores that belong to

the slit-shaped pores.

3.5 Low-temperature CO2 adsorption test

The low-temperature CO2 adsorption test has been widely

applied to evaluate the micropore structure characteristics when

the pore size is lower than 2 nm. The Horvath–Kawazoe (HK)

theory was employed to calculate the volume of micropores, and

the Dubinin–Radushkevich (DR) and Dubinin–Astakhov (DA)

equations were employed to calculate the SSA of micropores. The

results show that under the test range of lower than 2 nm, the

median value of the pore size is 0.8180–1.7216 nm (avg.

1.3558 nm), and the total pore volume is 0.0021–0.0079 cm3/g

(avg. 0.0055 cm3/g), and the total SSAs calculated by the DR and

DA equations are 5.1167–19.6384 m2/g (avg. 13.6109 m2/g) and

6.5152–25.9762 m2/g (avg. 17.3002 m2/g), respectively (Table 5).

Thus, the total SSA of the pores with the size of < 2 nm is higher

than that of the other pores, indicating they are important places

for shale gas adsorption. In addition, the results show that there

are significant differences in the pore volume distribution among

the samples under the pore size of lower than 2 nm. For example,

the pore volume of some samples is concentrated at the pores

with the size of 0.5–1 nm, and the total pore volume is relatively

low (e.g., samples 3 and 5 in Figure 8), while that of some other

samples is mainly distributed in the pores with the size of

0.7–1.7 nm (e.g., samples 2 and 8 in Figure 8). However, the

pore volume of all samples shows a general trend of decrease with

the increase of pore size, and given the pore surface complexity

change, it is speculated that the pore SSA also tends to decrease as

the pore size increases.

FIGURE 5
Mercury injection curves of the coal measure shale samples. (A) sample 14; (B) sample 3; (C) sample 13. V, pore volume; S, specific surface area;
and D, pore size.
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3.6 Controlling factors of the shale pore
structure

Combining the aforementioned test results, the controlling

factors of the shale pore structure are analyzed in this part.

According to data statistics, the pore structure characteristics of

different types of shales show certain differences. Among them,

the porosity of carbonaceous mudstone is higher than that of

others, while the volume and SSA of the mudstone and

carbonaceous mudstone pores with the size of < 5 nm are

higher than those of the siltstone and silty mudstone. This

indicates that the shale composition has an important

TABLE 4 Results of the pore volume, specific surface area, and their ratios of the coal measure shale samples by the low-temperature N2 adsorption
test.

Sample VBJH (cm3·g−1) VBJH ratio (%) SBET (m2·g−1) SBET ratio (%)

2–5 nm 5–50 nm 2–5 nm 5–50 nm 2–5 nm 5–50 nm 2–5 nm 5–50 nm

1 0.0028 0.0104 21.46 78.54 3.7433 2.6982 58.11 41.89

2 0.0021 0.0080 21.07 78.93 2.8199 2.0696 57.67 42.33

3 0.0024 0.0108 18.38 81.62 3.2003 2.6741 54.48 45.52

4 0.0016 0.0075 17.90 82.10 2.1605 1.9104 53.07 46.93

5 0.0004 0.0027 14.29 85.71 0.5653 0.6609 46.10 53.90

6 0.0018 0.0082 18.29 81.71 2.3585 2.1653 52.13 47.87

7 0.0023 0.0116 16.75 83.25 3.0719 2.4747 55.38 44.62

8 0.0043 0.0112 27.53 72.47 5.6286 3.3662 62.58 37.42

9 0.0028 0.0111 20.38 79.62 3.6910 2.7767 57.07 42.93

10 0.0027 0.0095 22.37 77.63 3.6309 2.5125 59.10 40.90

11 0.0019 0.0084 18.72 81.28 3.5027 2.0807 54.89 45.11

12 0.0027 0.0088 23.23 76.77 3.5027 2.0807 62.73 37.27

13 0.0036 0.0131 21.50 78.50 4.5389 3.6021 55.75 44.25

14 0.0036 0.0150 19.15 80.85 4.4847 3.9798 52.98 47.02

15 0.0033 0.0117 22.10 77.90 4.2898 3.2749 56.71 43.29

16 0.0028 0.0090 23.49 76.51 3.5697 2.6432 57.46 42.54

17 0.0061 0.0107 36.22 63.78 7.9056 3.7834 67.63 32.37

18 0.0041 0.0104 28.05 71.95 5.3119 3.1478 62.79 37.21

FIGURE 6
Pore volume and SSA distributions of the coal measure shale samples by the BJH and BET methods. (A) pore volumetric distribution; (B) pore
SSA distribution. V—pore volume; S—SSA; D—pore size; and STP—standard temperature and pressure.
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influence on pore structure characteristics, including organic

matter, brittle, and clay minerals.

The results of correlation analysis between shale components

and porosity and total SSA show that the TOC content is closely

related to the porosity and total SSA. Particularly, when the TOC

content is lower than 6%, both the porosity and total SSA possess

a strong positive correlation with the TOC content, indicating

that organic matter in shale plays an important role in shale pore

development. However, when the TOC content is higher than

6%, this positive correlation disappears, and the porosity and

total SSA show a decreasing trend with the increase of the TOC

content. The reason is that the shale organic matter has plastic

characteristics, and as the TOC content increases, the shale

plasticity is enhanced, making the shale pores more

susceptible to the compaction effect and more difficult to

preserve. This has also been verified by Milliken et al. (2013),

and the critical TOC content they found is 5.6%. In addition, the

brittle and clay mineral contents have negative and positive

correlations with the porosity, respectively, but poor

correlation with the total SSA. The reason is that the brittle

FIGURE 7
Pore volume distributions of micropore volume by N2 adsorption (A) and the N2 adsorption and desorption isotherm (B) of the shales. V—pore
volume; D—pore size; and STP—standard temperature and pressure.

TABLE 5 Results of the pore volume and specific surface area of the
coal measure shale samples by the low-temperature CO2

adsorption test.

Sample Median value of
the pore size
(nm)

VHK (cm3·g−1) SSA (m2·g−1)

DR DA

2 1.1675 0.0032 7.9981 10.9166

3 0.8180 0.0053 13.1013 16.8235

5 0.9402 0.0021 5.1167 6.5152

6 0.9579 0.0050 12.5519 15.8866

7 1.6799 0.0050 12.5521 15.4677

8 1.1653 0.0079 19.6384 25.9762

9 0.9063 0.0064 15.8580 19.6429

10 1.6611 0.0070 17.5555 20.8681

11 1.3008 0.0053 13.1621 16.8577

12 1.6311 0.0077 19.3174 25.2236

15 1.7126 0.0060 15.0602 19.2182

16 1.7216 0.0046 11.3771 14.0189

17 1.6481 0.0064 16.0227 20.3640

18 1.6712 0.0045 11.2415 14.4241

FIGURE 8
Pore volume distributions of the coal measure shale samples
by the HF method. V—pore volume; D—pore size; STP—standard
temperature and pressure.
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mineral, generally quartz in this area, constitutes the main rigid

framework of shales, which can resist compaction stress and

protect the pores (Zhao et al., 2017; Xi et al., 2019). However, the

clay mineral has the characteristics of high plasticity and easy

deformation and is easily squeezed into pores under the action of

external force and reduces pore space. Also, when there is not

enough brittle mineral to provide support, the increase of clay

mineral content can lead to collapse of organic matter pores and

interlayer pores of clay minerals, making the shale pores difficult

to preserve (Figure 9) (Slatt and O’Brien, 2011).

FIGURE 9
Plots showing the correlations of porosity and total SSA with TOC (A), brittle mineral, (B) and clay mineral (C) contents.

FIGURE 10
Plots showing the correlations of TOC content with pore volume and SSA by mercury injection (A,C) and N2 and CO2 adsorption (B,D).
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Furthermore, the relationships between the shale

components and the pore structure at all levels are analyzed.

The results show that when the TOC content is less than 6%, it

has a positive correlation with the pore volume and SSA of the

micropore, small pore, and mesopore measured by the mercury

intrusion and the pores measured by the N2 and CO2

adsorptions, especially the pores of < 50 nm, indicating that

the organic matter has a control effect on these pores, which is

consistent with the previous research results (Pan et al., 2017;

Zhang et al., 2019b; Ge et al., 2020; Yuan et al., 2021). However,

under the influence of the compaction effect, the development of

pores at all levels is limited when the TOC content is higher than

6%, and this effect tends to weaken as the pore size decreases

(Figure 10).

The clay mineral content has a negative correlation with the

pore volume and SSA of the mesopore and macropore, but it

correlates poorly with those of the micropore and small pore. The

reason is that the mesopore and macropore generally possess

large apertures, and the clay mineral is more likely to enter and

block these pores under the compaction effect, resulting in

decrease of these pore spaces as there is an increase of clay

mineral content. Also, the increase of clay mineral content can

lead to a decrease of brittle mineral content, aggravating the

compaction and pore blockage effects. However, the micropore

and small pore are well-developed in clay minerals, and the

volume and SSA of these pores tend to increase with the clay

mineral content, which offsets some of the pore blockage effects.

Additionally, the SSA of the micropore in organic matter is

generally higher than that of the clay mineral (Xiong et al., 2017),

weakening the correlations between the clay mineral content and

the micropore SSA and the total SSA of the shale pore

(Figure 11).

In addition, the brittle mineral has a significant control effect

on mesopore and macropore development, and the volume and

SSA of these pores tend to increase with its content. For the

micropore and small pore, when the brittle mineral content is

lower than 45%, the pore volume and SSA tend to decrease with

the increase of brittle mineral content. This is because an increase

in the brittle mineral content will lead to a decrease in the total

content of organic matter and clay minerals, which are the main

providers of these pores. However, when the brittle mineral

content is higher than 45%, the volume and SSA of the

micropore and small pore tend to increase. The reason is that

the support effect on the shale pores provided by the brittle

FIGURE 11
Plots showing the correlations of clay mineral content with pore volume and SSA by mercury injection (A,C) and N2 and CO2 adsorption (B,D).
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mineral becomes significant for these pores, which is conducive

to the maintenance of the pores in organic matter and clay

minerals (Figure 12).

4 Conclusion

In this study, the coal measure shales of the Xiashihezi

Formation in the Sunan Syncline block are taken as a research

object, and its pore structure characteristics are systematically

studied through experiments such as XRD, FE-SEM, mercury

intrusion, and low-temperature N2 and CO2 adsorption. The

main conclusions are as follows:

1. Four types of coal measure shales have been observed in the

Xiashihezi Formation. Among them, the carbonaceousmudstone,

characterized by high TOC content, has the highest porosity, and

the pore volume and SSA of the mudstone and carbonaceous

mudstone with the pore size of less than 5 nm are higher than

those of the siltstone and silty mudstone.

2. The pore SSA of the coal measure shale is mainly concentrated

in the micropores and small pores with the size of < 50 nm,

and that of the micropores with the size of < 5 nm is

significantly higher, indicating these pores have an

important effect on gas adsorption. The matrix pores with

the size of about 10 nmmake significant contributions to pore

volume and provide great spaces for free gas.

3. When the TOC content is lower than 6%, it has a strong

positive correlation with the pore volume and total SSA of the

shales. However, this positive correlation disappears when it is

higher than 6% under the enhancement of the compaction

effect, while the brittle and clay mineral contents have

negative and positive correlations with the porosity,

respectively, but poor correlation with the total SSA.

4. The organic matter has a control effect on the micropore,

small pore, and mesopore of the shales and the volume as well

as SSA of these pores increase with the TOC content (<6%).

The clay mineral content has negative correlations with the

volume and SSA of the mesopore and macropore under the

compaction and pore blockage effects but correlates poorly

with those of the micropore and small pore. In addition, the

brittle mineral promotes the development of mesopore and

macropore and is conducive to the micropore and small pore

maintenance when the content is higher than 45%.

FIGURE 12
Plots showing the correlations of brittle mineral content with pore volume and SSA bymercury injection (A,C) and N2 and CO2 adsorption (B,D).
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