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Continental shale is investigated for potential shale gas reservoirs in the Tongchuan area,
southern Ordos Basin. The kerogen macerals of Upper Triassic Chang 7 Shale are vitrinite
28–43%, exinite 4–7%, and inertinite 52–69%, and Ro is 0.85–0.88%, and the kerogen
type is II. The total organic carbon (TOC) content is 9.75–29.92%, free hydrocarbon (S1) is
3.21–12.14%, pyrolysis hydrocarbon (S2) is 41.86–165.39%, and maximum pyrolysis
temperature (Tmax) is 439–445°C. The mineral composition is mainly dominated by quartz
3.94–43.27%, followed by feldspar 9.65–30.07% and clay minerals 13.46–59%. Illonite/
smectite (I/S) is the main clay mineral, accounting for 47–69%. The liquid nitrogen
adsorption curve showed that the pore types were tubular and plate-like. The pores
are mainly microporous (<2 nm) and mesoporous (2–50 nm) in size. Isothermal adsorption
results show that Langmuir volume (VL) is 2.06–5.57 cm3 g−1, Langmuir pressure (PL) is
2.16–3.28 MPa, and shale adsorption capacity is small and easy to desorb. A quartz
content less than 25% is negatively correlated with the specific surface area (SSA);
otherwise, it is positively correlated. A clay mineral content less than 45% is negatively
correlated with SSA; otherwise, it is positively correlated. The relationship between the
carbonate content and pore structure is not obvious. Pyrite content less than 2% is
positively correlated with SSA; otherwise, it is negatively correlated. The SSA is positively
correlated with TOC, inertinite, and exinite and negatively correlated with vitrinite. The
adsorbed gas content is positively correlated with the TOC content, SSA, inertinite
content, and exinite content and negatively correlated with vitrinite.
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INTRODUCTION

Shale gas is a clean energy source and is an important unconventional oil and gas resource. It has attracted
attention in the field of oil and gas exploration and development and has become one of the hot spots of
oil and gas exploration. Shale is not only a source rock but also an in situ-rich reservoir after the generation
of natural gas. Shale gas is dominated by adsorbed gas, which accounts for approximately 20–85% of the
shale gas content [1]. Shale gas accumulation factors include the thickness of shale, the content of organic
matter, mineral content and composition, thermal maturity, reservoir properties, and preservation
conditions [2]. China’s continental shale gas exploration started in the Yanchang petroleum exploration
area of the Ordos Basin. [3] studied the gas content of continental shale in the Yanchang Formation and
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its correlation with organic carbon content, vitrinite reflectance, clay
mineral content, andmicroscopic pore structure, taking Liuping-171
well in the Ordos Basin as an example. [4] studied the microporous
structural characteristics and influencing factors of terrestrial shale in
the Ordos Basin and compared themwithmarine shale. [5] analyzed
the pore structure of silty laminae and shale in terrestrial shale of the
Ordos Basin by using the mercury injection method, nitrogen
adsorption, carbon dioxide adsorption, and other experimental
means. The study of continental shale gas in the Ordos Basin is
still in a primary stage. The study of microscopic pore structure and
influencing factors of terrestrial shale is of great significance to the
development of abundant shale gas resources in the Ordos Basin.

Based on the observations of outcrop lithology, shale samples
were collected for rock pyrolysis, liquid nitrogen adsorption,
carbon dioxide adsorption, and X-ray diffraction analysis. The
microscopic pore structure and controlling factors of shale were
examined, and the controlling factors of shale adsorption gas
content were discussed, which laid a foundation for the
exploration and development of continental shale gas.

SAMPLES AND EXPERIMENTS

Geological Setting and Samples
According to the present structural morphology, basement rock
properties, and basin evolutionary history, the Ordos Basin is

divided into six first-order structural units: the Yimeng uplift,
Yishan slope, Weibei uplift, western edge thrust belt, Tianhuan
depression, and Jinxi folding belt. The Chang 7 period was the
heyday of lacustrine development in the Ordos Basin, and the oil
shale was mainly distributed in the southern part of the basin,
with a single layer thickness of 10–40 m [6]. In this study, six
samples (X-1~X-6) were collected from the Yanchang Formation,
the X1 well-drilling core, Tongchuan area. Sample location: N:
35°18′ 21″, E: 108°40′ 20″. In this study, one sample (B-7) was
collected from the Yanchang Formation, the Bawangzhuang
outcrop, Tongchuan area. Sample location: N: 35°14 ′01.7 ″, E:
109°02′ 10.5″ (Figure 1 and Table 1).

Experimental Analysis
Organic Maceral Analysis
The organic maceral analysis was carried out according to China
Oil and Gas Industry Standard SY/T 5125-2014. The vitrinite
reflectance (Ro) was measured according to Chinese National
Standard GB/T 6948-2008, and the standard substance was
yttrium aluminum garnet. The microscope utilized was Leitz
ORTHOLUX-POL BK.

Rock-Eval Analysis
The measurement methods were based on Chinese National
Standard GB/T 6948-2008 and included an OGE-VI oil and
gas evaluation workstation for free hydrocarbon (S1), pyrolysis

FIGURE 1 | Tectonic characteristics and sample location of the Ordos Basin (Modified by [6, 7]. (A) Locations of the Ordos Basin, (B) Tectonic division and
sampling location of Ordos Basin, (C) Sample photo.
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hydrocarbon (S2), maximum pyrolysis temperature (Tmax), total
organic carbon (TOC), hydrogen index (HI), potential
hydrocarbon generation capacity (S1+S2), and other parameters.

X-Ray Diffraction Analysis
The measurement method was based on China Petroleum
Industry Standard GB/T 6948-2008, and the instrument was a
D/MAX2400 X-ray diffractometer manufactured by RIGAKU.
The mineral content was calculated by using the “K-value
method”.

Low-Pressure CO2/N2 Adsorption
The measurement method was completed according to the
standards of ISO 15901-2:2006 and ISO 15901-3:2007 issued
by the International Organization for Standardization. A
micromeritics ASAP 2460 automatic surface area and porosity
analyzer in the United States measured the pore size parameters
of low-temperature liquid nitrogen adsorption and low-
temperature carbon dioxide adsorption. The instrument
measures a specific surface area <0.0005 m2/g and a lower
limit of pore volume (PV) < 0.0001 cm3/g. A 10 g sample was
crushed to 0.177–0.25 mm. The moisture and volatile gas of the
sample were removed from a vacuum at 100°C for 12 h. The
instrument was vacuumed at 110°C for 8 h, and N2 protective gas
was injected for the experimental test. The low-temperature
liquid nitrogen adsorption is most suitable for the
measurement of pores with a width of about 0.4–50 nm. The
low-temperature carbon dioxide adsorption pressure up to
101 kPa detects from the smallest micropores to about
1.5 nm pores.

Isothermal Adsorption
The measurement method was based on the China National
Standard GB/T 35210.1-2017. The GAI-100 isothermal gas
adsorption instrument used in the experiment was
manufactured by American Core Corporation. The shale
samples with a particle size of 0.180–0.425 mm in dry or
equilibrium water were placed in a closed container to
measure the adsorption volume of methane gas when the
shale samples reached adsorption equilibrium at constant
temperature and different pressures. Langmuir monolayer
adsorption theory calculated the characteristic parameters of
methane gas adsorption, including Langmuir volume (VL) and
Langmuir pressure (PL).

RESULTS

Organic Maceral Characteristics
The contents of vitrinite in macerals ranged from 28 to 43% and
included mainly perhydrous vitrinite. The inertinite content is
4–7%, and the inertinite is mainly fusinite. The exinite content is
52–69%, in which the cutinite content is 4–9%, the sporopollenite
content is 1–3%, and the humic amorphogen content is 44–58%.
The content of sapropelinite is 3–20%, of which the content of
planktonic alginite is 3–16%, and the content of sapropelic
amorphous alginite is 0–4%. Ro is 0.85–0.88%, indicating a
low maturation-maturity. The organic matter type is II (Table 2).

Characteristics of Rock-Eval
The pyrolysis parameters of the sample rocks are shown in
Table 3. TOC is 9.75–29.92%, S1 is 3.21–12.14%, S2 is
41.86–165.39%, S1+S2 is 47.66–176.56 mg/g, HI is 313–553 mg/
g, HCI is 19.59–67.76%, and Tmax is 439–445°C. The TOC of shale
in North America is generally in a range of 1.5–20%, while the
TOC of Lewis shale in San Juan Basin, New Mexico, is relatively
low in the range of 0.45–2.50% [8].

Mineral Composition
The mineral composition of the samples (excluding Z-2) is
dominated by quartz, feldspar, and clay minerals. The quartz
content is 3.94–43.27%, feldspar content is 9.65–30.07%, and clay
mineral content is 13.46–59%. The contents of calcite
0.24–2.24%, iron dolomite 0–2.58%, apatite 0–3.42%, and
pyrite 0–2.85% are small. In the clay minerals, I/S is 47–69%,
illite is 20–28%, chlorite is 5–26%, and kaolinite contents are
small and are distributed only in Z-3, Z-4, and Z-6 (Table 4).

Characteristics of the Microscopic Pore
Structure
Low-Temperature N2 Adsorption
The characteristics of the low-temperature nitrogen
adsorption–desorption curve and its related parameters are
effective methods to study the pore structure. The morphology
of nitrogen adsorption and desorption curves and the “hysteresis
loop” formed between them can effectively distinguish the pore
geometry [9–12]. The nitrogen adsorption isotherms of shale
samples show H3 and H4 types. The adsorption capacity of Z-5 is
the smallest, and that of Z-7 was the largest (Figure 2).

TABLE 1 | Sample location and characteristics.

Sample no. Sample site Depth Lithology Formation

X-1 X1 well 1,071 m Organic-rich shale Chang 7 Member of Triassic Yanchang Formation
X-2 X1 well 1,082 m Organic-rich shale
X-3 X1 well 1,088 m Organic-rich shale
X-4 X1 well 1,095 m Organic-rich shale
X-5 X1 well 1,100 m Organic-rich shale
X-6 X1 well 1,109 m Organic-rich shale
B-7 Bawangzhuang outcrop Organic-rich shale
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According to the classification of IUPAC, the shape of the
adsorption curve of the samples is slightly different, and the
whole is an inverted S type, which is a Type II adsorption
isotherm. When the relative pressure (P/P0) is less than 0.1,
the adsorption curve rises rapidly, and the proportion of
micropores in the reaction sample is larger, which indicates
strong adsorption capacity. The inflection point of the
desorption curve decreases sharply when the relative pressure
(P/P0) is 0.4–0.5, indicating that the sample has “small-necked
bottle” or “inkbottle” pores. The pore size corresponding to the
relative pressure at the inflection point is 3 nm according to the
Kelvin equation, indicating that the pores with pore sizes <3 nm
may be closed at one end.When the relative pressure (P/P0) is less
than 0.4, the decline rate decreases further and almost coincides
with the adsorption curve. When the relative pressure (P/P0) is
greater than 0.4–0.5, a “hysteresis loop” is formed (Figure 2),
indicating that the pores in the shale are mainly open pores at

both ends. The pore types are mainly tubular pores and slit pores
with parallel walls, providing favorable storage space for adsorbed
and free shale gas.

The pore structural parameters reflected by liquid nitrogen
adsorption are shown in Table 5. The results show that the
proportion of micropores ranges from 0.0 to 7.8%, that of
mesoporous pores ranges from 43.6 to 82.4%, and that of
macroporous pores ranges from 9.8 to 56.4%. The SSA of the
samples ranges from 0.058 to 0.493 m2/g, and the mesoporous
contribution is dominant, followed by the macroporous
contribution. The PV distribution ranges from 0.0013 to 0.004
9 cm3/g, and the PV contribution is mainly macropores, followed
by mesopores.

In this article, the pore size distribution and logarithmic
coordinates of the SSA increase and PV increase are used to
reflect the change characteristics of the SSA and PV in different
pore size ranges. The figure of SSA vs. pore size of liquid nitrogen

TABLE 2 | Maceral content of shale samples (%).

Sample
no.

Sapropelinite Exinite Vitrinite Inertinite Ro

Planktonic
alginite

Sapropelic
amorphogen

Total Cutinite Sporopollenite Humic
amorphogen

Total Perhydrous
vitrinite

Fusinite

X-1 5 3 8 6 2 51 59 28 5 0.85
X-2 3 1 4 4 1 58 63 30 7 0.85
X-3 3 0 3 7 3 53 63 31 6 0.86
X-4 10 2 12 9 1 50 60 33 7 0.85
X-5 4 2 6 4 3 52 59 37 4 0.88
X-6 16 4 20 5 3 44 52 43 5 0.87
B-7 6 3 9 8 1 49 58 36 6 0.88

TABLE 3 | Pyrolysis parameters of shale samples.

Sample
no.

S1 (mg/g) S2 (mg/g) S1+S2

(mg/g)
HI (mg/g) HCI (mg/g) TOC (%) Tmax

(°C)
Type

Z-1 12.14 56.07 68.21 313 67.76 17.92 440 Ⅱ
Z-2 7.75 77.92 85.67 378 37.55 20.64 442 Ⅱ
Z-3 11.17 165.39 176.56 553 37.33 29.92 440 Ⅱ
Z-4 7.67 93.05 100.72 448 36.91 20.78 445 Ⅱ
Z-5 5.80 41.86 47.66 429 59.50 9.75 442 Ⅱ
Z-6 3.21 56.49 59.70 345 19.59 16.38 443 Ⅱ
B-7 8.34 86.57 94.91 415 39.94 20.88 439 Ⅱ

TABLE 4 | Pyrolysis parameters of shale samples (%).

Sample
no.

Qtz Fsp Cal Dol Ank Ap Py Clay
mineral

Kln Chl Ill I/
S

Z-1 43.27 26.76 1.24 0 0 1.12 0.99 26.62 0 14 28 58
Z-2 3.94 9.65 2.24 64.08 1.89 2.17 2.57 13.46 0 13 28 59
Z-3 11.92 23.73 0.24 0 2.58 0.49 2.04 59.00 11 15 27 47
Z-4 11.24 28.06 0.58 0 0 2.34 1.41 56.37 8 11 20 61
Z-5 23.27 30.07 1.17 0 0.89 1.17 0 43.43 0 11 27 62
Z-6 26.29 16.37 0.99 0 1.14 3.42 2.85 48.94 4 5 22 69
B-7 15.49 26.41 0.89 0 0 0 1.15 56.06 0 26 27 47

Qtz.-quartz, Fsp.-feldspar, Cal.-calcite, Dol.-dolomite, Ank.-ankerite, Ap.-apatite, Py.-pyrite, Kln.-kaolinite, Chl.-chlorite, Ill.-illite, I/S-illonite/smectite.
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adsorption (Figure 3A) shows that with the increase in pore size,
the increase of SSA presents a trend of
increasing—decreasing—increasing—decreasing, and the
mesopores contribute a large amount of SSA. The variation
trend of PV is similar to that of SSA (Figure 3B) but is
mainly concentrated between 20 and 200 nm.

Low-Temperature CO2 Adsorption
The CO2 adsorption isotherm of the samples (Figure 4) shows that
the adsorption isotherms have slightly different morphologies. In
the microporous stage, CO2 on the shale surface presents as
monolayer adsorption or microporous filling, and the
adsorption curve and desorption curve coincide.

The SSA of samples is 17.846–31.624 m2/g, PV 0.000 12–0.009
62 cm3/g. As shown in Figure 5, the total SSA and PV of the
samples are mainly concentrated in pore sizes of 0.48–0.66 nm

and 0.75–0.85 nm, respectively, showing an overall trend of
increasing—decreasing—increasing—decreasing.

Adsorption Capacity
There are three states of gas in shale, including adsorbed gas, free
gas and dissolved gas. Adsorbed gas mainly exists on the surface
of organic matter and clay minerals, while free gas mainly exists
in matrix pores and fractures. In this article, the adsorption
capacity of shale in Chang 7 was studied by isothermal
adsorption experiments. Figure 6 shows that under the same
temperature condition, the adsorption capacity of shale increases
with the increase of pressure but the increase rate is different in
each period, with a rapid increase in the early stage and a slow
increase in the late stage. The results show that Langmuir volume
(VL) was 2.06–5.57 cm3 g−1, and Langmuir pressure (PL) was
2.16–3.28 MPa (Figure 6), methane adsorption capacity of shale
is average.

DISCUSSION

Influencing Factors of Microscopic Pore
Structure
Mineral Composition Affects Pore Structure
The results show that the relationship between quartz content,
clay mineral content percentage, and pore SSA decreased first
and then increased. The PV also showed similar variation
characteristics. The quartz content of the samples was bound
by 25% (Figure 7A). If the quartz content was less than 25%, it
was negatively correlated with the SSA or PV; if the quartz
content was greater than 25%, it was positively correlated. The
SSA and PV of quartz are much smaller than those of organic
matter and clay minerals [13], so the SSA and PV of the sample
will decrease with the increase of quartz. However, quartz is a
rigid mineral with good compaction resistance compared with
organic matter and clay minerals, which is conducive to the

FIGURE 2 | Characteristics of the adsorption–desorption curve of shale
liquid nitrogen in the study area.

TABLE 5 | Pore size parameters of liquid nitrogen adsorption and desorption in shale in the study area.

Sample
no.

Pore size/% S/(m2·g−1) S0 S1 S2 V/(Cm3·g−1) V0 V1 V2

Mic Mes Mac

Z-1 1.7 65.0 33.3 0.288
(100%)

0.003 (0.9%) 0.250
(87.1%)

0.035
(12.0%)

0.003 1
(100%)

0.000 (0.0%) 0.001 5
(48.1%)

0.001 6
(51.9%)

Z-2 0.0 67.7 32.3 0.493
(100%)

0.000 (0.0%) 0.441
(89.4%)

0.054
(10.6%)

0.004 9
(100%)

0.000 (0.0%) 0.0025
(51.5%)

0.0024
(48.5%)

Z-3 7.8 82.4 9.8 0.237
(100%)

0.064
(27.1%)

0.135
(56.9%)

0.038
(16.0%)

0.003 1
(100%)

0.0005
(17.2%)

0.0012
(39.7%)

0.0018
(58.6%)

Z-4 1.6 66.7 31.7 0.298
(100%)

0.009 (3.0%) 0.257
(86.4%)

0.003
(10.6%)

0.002 9
(100%)

0.000 (0.0%) 0.0014
(48.5%)

0.0015
(51.5%)

Z-5 0.0 43.6 56.4 0.058
(100%)

0.000 (0.0%) 0.042
(72.6%)

0.016
(27.4%)

0.001 3
(100%)

0.000 (0.0%) 0.0006
(42.9%)

0.0007
(57.1%)

Z-6 5.5 58.2 36.3 0.177
(100%)

0.022
(12.7%)

0.126
(71.2%)

0.029
(16.1%)

0.002 5
(100%)

0.000 (0.0%) 0.0011
(44.0%)

0.0014
(56.0%)

B-7 0.0 69.0 31.0 0.373
(100%)

0.000 (0.0%) 0.324
(86.8%)

0.049
(13.2%)

0.004 4
(100%)

0.000 (0.0%) 0.0023
(51.1%)

0.0022
(48.9%)

Mic.-micropore, Mes.-mesopore, Mac.-macropore. S-total specific surface area, S0-micropore specific surface area, S1-mesopore specific surface area, S2-macropore specific surface
area, V-total pore volume, V0-micropore pore volume, V1-mesopore pore volume, V2-macropore pore volume.
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preservation of primary pores and easy to produce micro-
cracks under pressure, resulting in the increase of PV.

The clay mineral content of the samples was bound by 45%
(Figure 7B). If the clay mineral content was less than 45%, it was
negatively correlated with the SSA or PV; if the clay mineral
content was greater than 45%, it was positively correlated. There
was no obvious correlation between carbonate content and SSA
and PV in the shale (Figure 7C).

The pyrite content of the samples was delimited by 2%
(Figure 7D). If the pyrite content was less than 2%, it was
positively correlated with the SSA or PV; if the quartz content
was greater than 2%, it was negatively correlated. Due to dissolution,
several pores are easily formed between the crystal particles in pyrite,
providing a larger SSA and PV.However,more pyrite tends to fill the
original intergranular pores or intragranular pores. The research
results of marine shale also show the same characteristics [14].

The dissolution pores of feldspar, calcite, and other easily
dissolved minerals found in and on the surface of mineral
particles under field emission scanning electron microscopy,
with uneven distribution of pore sizes ranging from ten to
hundreds of nanometers, are important seepage space in the
shale. The characteristics of clay minerals influence the pore
structure and gas-bearing properties of shale reservoirs. [15]
believed that chlorite in shale clay minerals can block shale
pores and reduce the SSA of shale, while the clay mineral
content is low and porosity is low. [16] pointed out that the
nanoscale pores and adsorption capacity of different types of clay
minerals are different, and the degree of pore development and
adsorption capacity are as follows: mectite, illonite/smectite,
kaolinite, chlorite, and illite. [17] believed that the higher the
content of I/S is, the more developed the shale reservoir and the
higher the adsorbed gas of shale. [18] found that clay minerals
have more nanoscale pores and larger SSAs, which is favorable for
shale gas adsorption. When the TOC is low, clay minerals
contribute significantly to the adsorption capacity of gas. The
shale clay minerals in Chang 7 are mainly composed of I/S, which
is favorable for the development of nanoscale pores.

TOC Affects Pore Structure
In this study, the correlation between TOC and pore SSA and PV
was positive, and the correlation coefficient between TOC and
micropore SSA and PV was high (Figure 7E).

Macerals Affect Pore Structure
The influence of macerals on pore SSA and PV is complex, and
some scholars believe that there is a positive correlation between
them, while others believe that there is no correlation between
them. The relationship betweenmaceral and pore structure of shale
samples in this study is shown in Figure 8. The results show that
there is a negative correlation between vitrinite content and pore
SSA, and the correlation coefficient between vitrinite content and
micropores is higher than that betweenmesopores andmacropores
(Figures 8A-C). There is a positive correlation between inertinite

FIGURE 3 |Relationship between the pore size distribution of liquid nitrogen adsorption and the specific surface area increment (A) and PV increment (B) of shale in
the study area.

FIGURE 4 | Characteristics of the low-temperature CO2

adsorption–desorption curve of shale in the study area.
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content and pore SSA, and the correlation coefficient between
inertinite content and mesopores is higher than that of micropores
and macropores (Figures 8D-F). There is a positive correlation
between exinite content and pore SSA, and the correlation
coefficient between exinite content and micropores is higher
than that of mesopores and macropores (Figures 8G-I). The
shale content has a positive correlation with the SSA of the
pore structure, and the correlation coefficient with micropores
is higher than that of mesopores and macropores.

Previous studies have shown that pore sizes less than 2 nm in
organic-rich shale are closely related to organic matter. However, some
scholars have found that the pore structure parameters of organic-rich
shale do not simply increase with changes in organic matter content.
Within a certain range, the higher the organic matter content is, the
more micropores develop. When the organic matter content exceeds
this range, the effect of organic matter content on the pore structure of
organic-rich shalemay be the opposite. For example, [19] evaluated the
nanopore structure of organic-rich shale in the Longmaxi Formation in

a certain area of southern Sichuan-northern Guizhou and found that
when TOC was less than 2.2%, the micropore volume was positively
correlated with TOC. However, when TOC was greater than 5.21%,
there was a negative correlation between micropore volume and TOC.
[20] found that the pore SSA, PV, and porosity of Permian shales in the
Sichuan Basin had no or a weak negative correlation with TOC, while
the pore SSA, PV, and porosity of Silurian shales had a good positive
correlationwithTOC. [21] found that TOChadno significant effect on
pore structure in samples with TOC less than 2% in the Shanxi and
Taiyuan formations in Carboniferous and Permian shales and the
middle Proterozoic Hongshuizhuang and Xiamaling formations in
North China. However, when TOC was in a range of 2–4.58%, there
was a weak negative correlation between TOC and PV and pore SSA.
When TOC was greater than 4.58%, TOC was negatively correlated
with PV and pore SSA. [22] studied marine organic-rich shale in the
Longmaxi Shale, Sichuan Basin, and they believed that organic pores
contributed more than 60% of porosity, and TOC was the main
controlling factor of shale porosity. There was a positive correlation
between clay mineral content and porosity due to the existence of
widely developed pores and intergranular pores in the organic clay
complex. Carbonate and quartz mainly dilute TOC and are negatively
correlated with porosity. To date, there has been no conclusion about
the effect of organic matter content on the pore structure of organic-
rich shale. Although the contribution of organic matter to shale
porosity is large, it is mainly based on rock samples from the same
geological background. In other words, when the influence of organic
matter content on the pore structure of shale was considered, other
factors, such as the thermal evolutionary degree of organic matter, type
of organic matter and mineral composition, were investigated.

The shale samples collected in this study are from the Triassic
Yanchang Formation. The vitrinite reflectance of the samples is
0.8–0.95%, and the thermal evolutionary degree is low, which
limits the development of organic pores. The clay mineral content
of the samples is higher than that of marine shale, and a large
number of 1–2 nmmicropores are developed in the clay minerals
providing more pore SSA [23–26].

The relationship between the quartz content and total SSA and
the total PV of the shale samples shows a trend of decreasing first

FIGURE 5 | Relationship between pore size distribution of CO2 adsorption and SSA increment (A) and PV increment (B) of shale in the study area.

FIGURE 6 | Isothermal adsorption curve characteristics of shale
samples in the study area.
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and then increasing. In this study, although quartz can fill organic
pores, with the increase in its content, it provides certain support
for the development of pores, and quartz particles are prone to
produce cracks at the edges when subjected to stress, which
improves the conditions of porosity and permeability.
Carbonate minerals easily contact acid and alkaline fluids
during the maturation of organic matter to form dissolution
pores in grains. All the aforementioned results show the complex
diversity of the microscopic pore structure of the shale.

Influencing Factors of Methane Adsorption
Capacity
TOC Affects Methane Adsorption
It is shown that gas content increases with the increase of total
organic carbon content in shale [27]. In this study, the TOC
content of samples is positively correlated with VL, and the

correlation coefficient is high (Figure 9), indicating that shale
with high TOC content has better methane adsorption.

Pore Structure Affects Methane Adsorption
The relationship between the SSA and PV of samples and VL is as
follows: 1) The SSA of micropores, mesopores, and macropores
are positively correlated with VL, and the correlation coefficients
are 0.58, 0.37, and 0.71, respectively (Figures 10A–C). 2) There is
a positive correlation between the micropore volume, mesopores
volume and macropores volume, and VL, with correlation
coefficients of 0.53, 0.52, and 0.73, respectively (Figures 10D–F).

Macerals Affects Methane Adsorption
The correlations between the contents of macerals (vitrinite,
inertinite, and exitinite) and VL in samples are as follows: 1)
the correlations between the contents of vitrinite and VL are
negative, the correlation coefficient is 0.62; 2) It was positively

FIGURE 7 | Correlation between mineral composition, TOC content, and pore structure in shale. The correlation between SSA,PV and (A) quartz content, (B) clay
mineral content, (C) pyrite content, (D) carbonate mineral content, (E) TOC content.
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correlated with inertinite content and exitinite content, with
correlation coefficients of 0.56 (Figures 10G–I).

The aforementioned results show that there is a positive correlation
between VL and SSA of the sample, indicating that the SSA of shale is
the storage site of adsorbed gas. The larger the SSA is, the more points
are available for methane molecule adsorption, so the stronger the
adsorption capacity is, the larger the VL is [28–31].

Among the macerals of organic-rich shale in the study area,
humic amorphoge is the main component of exinite, perhydrous
vitrinite is the main component of vitrinite, and fusinite is the main
component of inertinite. The maturity index of organic-rich shale
Ro ≈ 0.85–0.88% enters the “oil generation window”. Under the
influence of thermal evolution, vitrinite is dominated by oil
generation and assisted by gas generation. The generated
bitumen fills the pores and cannot be discharged effectively,
resulting in the decrease of pores in vitrinite, which is negatively
correlated with SSA and PV. Generally, inertinite produces neither

FIGURE 8 | Correlation between macerals and SSA of shale. (A) vitrinite and micripore SSA, (B) vitrinite and mesopore SSA, (C) vitrinite and macropore SSA, (D)
inertinite and micropore SSA, (E) inertinite and mesopore SSA, (F) inertinite and macropore SSA, (G) exinite and micropore SSA, (H) exinite and mesopore SSA, (I)
exiniteand macropore SSA.

FIGURE 9 | Correlation between TOC content and VL in shale.
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gas nor oil, but it is different from ordinary “dead carbon” [4] and
retains the original pores. However, some studies believe that
inertinite can be used as gas [32] to support the understanding
of this article. The exinite mainly produces gas, and the pores are
favorable for methane storage. The increase of pores in inertinite
and exinite has a positive effect on the storage of methane.

In this study, the research results are different from the
characteristics of marine shale. According to previous studies on
marine shale, when the TOC is above 0.5%, the SSA of shale is
mainly contributed by organic matter, followed by clay minerals
(Chen et al., 2012). Thematurity of organicmatter in terrestrial shale
is lower than that in marine shale, and the development of organic
matter pores is less. At the same time, the content of clay minerals is
higher than that in marine shale, generally exceeding 35%. The clay
mineral pores provide specific surfaces and adsorption sites for
methane adsorption, and the methane molecules mainly exist on the
clay minerals. [29] found that there was a positive correlation
between the maximum adsorbed gas volume and the total PV of

shale, which was consistent with the research results in this study.
Although micropores and mesopores have larger SSA than
macropores, the macropores can also store methane. The results
show that there is a good positive correlation between VL and
micropore volume of continental shale and a complex relationship
between VL and volume of mesopores and macropores. The
adsorption of methane from shale is mainly affected by
microscopic pore structure, which is controlled by TOC content
and mineral composition and macerals.

CONCLUSION

The TOC of the organic-rich shale inChang 7 is 9.75–29.92%, and the
organicmatter types aremainly Type II in the study area. The thermal
evolutionary degree of organic matter is a low mature–mature stage,
which provides the geological conditions for the formation of shale
gas. The pore size of the shale reservoir is mainly medium pores;

FIGURE 10 | Correlation between Langmuir volume (VL), macerals and pore structure of shale. (A) VL and micripore SSA, (B) VL and mesopore SSA, (C) VL and
macropore SSA, (D) VL and micropore PV, (E) VL and mesopore PV, (F) VL and macropore PV, (G) VL and vitrinite, (H) VL and inertinite, (I) VL and exinite.
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dissolution pores and pyrite intergranular pores are developed, and the
pore type is mainly tubular pores and parallel wall slit pores.

The relationship between the mineral content and pore
specific surface area decreases first and then increases, mainly
affected by quartz content, clay mineral content, and pyrite
content. The PV also shows the same trend.

The TOC content is positively correlated with pore SSA and PV
and has a high correlation with micropore SSA and PV. The
correlation between vitrinite content and pore SSA is negative, and
the correlation coefficient with micropores is higher than that with
mesopores and macropores. The inertinite content is positively
correlated with the specific pore surface area, and the correlation
coefficient between inertinite content and mesopores is higher than
that between micropores and macropores. The exinite content is
positively correlated with the SSA of the pore structure, and the
correlation coefficient with micropores is higher than that of
mesopores and macropores.

Shale gas content is mainly affected by TOC, microscopic pore
structure, and macerals, among which there is a positive
correlation with TOC and microscopic pore structure. The
relationship between shale gas content and macerals is
complex, with a negative correlation with vitrinite and a
positive correlation with inertinite and exinite.
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