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The Yangtze region in southern China is endowed with abundant marine shale gas.
Methane molecules exist in either adsorption state or free state in postmature marine
shales, depending on the components of shales. In this study, the core samples of the
selected well in the Lower Silurian Longmaxi Fm. shales from the Sichuan Basin, upper
Yangtze region, southern China, were taken as study objects.We carried out TOC content,
organic matter maturity, mineral component, and core gas content analyses and
isothermal adsorption, FIB-SEM, and FIB-HIM experiments to analyze the occurrence
state of methane molecules in postmature marine shales. The conclusions are as follows:
most methane molecules exist in the organic matter pores of the postmature marine
shales, and only a small amount of them exist in clay mineral pores. The organic matter
pores in organic-rich shales are large in number with excellent roundness and are well
connected, with large pores covering small ones. Thus, abundant free gas can be stored in
the organic matter pores and pore throats, making it possible to densely and continuously
adsorb methane molecules with a relatively large adsorption space. The flake-shaped clay
minerals have a small number of pores with low roundness. Among the three clay minerals
in postmature marine shales of the Longmaxi Fm., the I/S mixed layer offers certain
reservoir spaces for adsorbed and free gases and chlorite stores a little adsorbed gas and
little free gas, while illite hardly stores the adsorbed gas but contains a little free gas.
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HIGHLIGHTS

(1) The organic matter pores in organic-rich shales are well
connected and round, presenting a structure where large
pores covering small ones. The flake-shaped clay minerals
have a small number of pores with low roundness.

(2) Abundant free gas can be stored in the organic matter pores
and pore throats, so the pores can continuously adsorb
methane molecules with a relatively large adsorption space.

(3) Among the three clay minerals in postmature marine shales
of the Longmaxi Fm., the I/S mixed layer offers some
reservoir spaces for adsorbed and free gases. Chlorite
stores a little adsorbed gas and little free gas, while illite
hardly stores the adsorbed gas but contains some free gas.

INTRODUCTION

In recent years, thanks to the advancement of unconventional
geological theory, horizontal drilling technology, and hydraulic
fracturing technology, shale gas exploration has scored a
complete success in North America, changing the world
energy use structure (Święch et al., 2017). Similar to North
America, China has gas-bearing basins with enormous
exploration potential in shale gas resources, and the examples
include the Sichuan Basin, Ordos Basin, Junggar Basin, Songliao
Basin, and Bohai Bay Basin (Wei et al., 2017; Zhang et al., 2019d;
Wang, 2019; Avraam et al., 2020; Wang et al., 2020a; Gao et al.,
2020). The China National Petroleum Corporation and China
Petrochemical Corporation have had several successful
explorations in postmature marine shales in the Lower
Silurian Longmaxi Fm. and its surroundings. Shale gas fields
have been built in southern Sichuan, southeast Sichuan, and
north Yunnan and Guizhou, with high yields of shale gas (Dong
et al., 2018; Guo et al., 2019; Ma, 2019; Shang Xu et al., 2020; Xu
et al., 2020). Shale gas can be divided into free gas and adsorbed
gas based on the occurrence state. The former exists in the
reservoir space of shales, and the latter is adsorbed onto the
inner surface of the organic matter and clay minerals. Meanwhile,
the adsorbed gas could transform into free gas at a specific
temperature and pressure (Huang and Zhao, 2017; Chen et al.,
2019; Guo et al., 2019; Kang et al., 2019; Yu et al., 2022).

Scholars have studied the occurrence state of methane
molecules in shales. Li et al. (2020) compared the immature
shale samples in the extended formation of the Ordos Basin and
mature shale samples in the Longmaxi Fm. They concluded that
the shale gas first achieved saturated adsorption and partial
dissolution with the increase in maturity before it was reserved
in the pores as free gas. Finally, the dynamic balance was achieved
between the adsorbed gas and free gas. The mentioned process
corresponded with four occurrence evolution stages: adsorption,
pores filling, fracture filling, and reservoir formation. Lv et al.
(2020) carried out the physical experiment and mathematical
model and studied the low-temperature liquid nitrogen
adsorption experiment and scanning electron microscopy
experiment. Pore characteristics and methane features of
shales in the Longmaxi Fm. were studied based on the

molecular dynamics method. It was found that, with the
increase in buried depth, the free gas content rocketed,
outnumbering the adsorbed gas in the Longmaxi Fm.
According to the methane adsorption features of shales in the
Longmaxi Formation reservoir, with the changes in pore volume,
the methane adsorption potential changed from positive to
negative and ended up close to zero. The zero point means no
methane molecules were adsorbed on the pore wall and that the
occurrence state was mainly free instead of the adsorption state.
As the shale gas has unequal adsorption mechanisms in different
mineral pores, Xu et al. (2020) adopted Material Studio to
simulate the occurrence state of shale gas in pore models of
three minerals (kerogen, clay minerals, and quartz) and studied
the adsorption mechanisms of shale gas in different mineral
pores. The result showed that kerogen had the highest
adsorption capacity, higher than that of clay minerals and
then quartz. Moreover, the primary cause of massive variance
in the adsorption capacity of organic matter, clay minerals, and
clastic minerals lies in the adsorption sites’ gas characteristics on
the mineral surface.

In these years, massive exploration and advanced experiments
on shale gas provided more data on the analysis of the adsorption
state of methane in postmature marine shales with different
agents. The research object in this study is the shales of the
Lower Silurian Longmaxi Fm. of the upper Yangtze region in
southern China. The SWY-1 well and the cores were selected for
the total organic carbon (TOC) content analysis, organic matter
maturity analysis, total gas content analysis, isothermal
adsorption experiment, and scanning electron microscope
observation. The ultimate aim is to clarify the occurrence of
methane molecules in postmature marine shales (Figure 1).

GEOLOGICAL SETTINGS

Sedimentary and Stratum Characteristics
Based on previous studies, the upper Yangtze area was flanked by
the Cathaysian Plate, forming an interior Cratonic sagging basin
during the Late Ordovician–Early Silurian. The sedimentary
strata formed in the Late Ordovician in the upper Yangtze
area is referred to as Wefeng Fm., and that formed in the
Early Silurian is called the Longmaxi Fm., which can be
further divided into members 1, 2, and 3. The first member of
the Longmaxi Fm., whose shales have different lithologies, was
taken as the main study object. Specifically, the lower part of this
member is primarily the black organic-rich siliceous shale, while
dark gray shale, silty shale, and siltstone exist in the upper
segment (Mei et al., 2012; Wang et al., 2015; Mou et al., 2019;
Zhang et al., 2019a; Zhang et al., 2020b).

Tectonic Characteristics
According to previous research (Li et al., 1995; Li et al., 2002;
Wang and Li, 2003; Zhang et al., 2017; Li et al., 2021),
southern China has two plates of primary continental crust,
i.e., the Yangtze Plate and Cathaysian Plate in the early
Mesoproterozoic, which are in a state of tension during the
Lower Cambrian when massive transgression took place.

Frontiers in Earth Science | www.frontiersin.org March 2022 | Volume 10 | Article 8642792

Zhang et al. Occurrence State of Methane Molecules

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


Consequently, a set of organic-rich shales covering almost the
whole plate became sediment. Afterward, the water became
shallow, and the lithology changed from fine shale and silty
shale into coarse clastic rocks such as siltstone and sandstone.

During the Ordovician, the water body was shallower due to
the extrusion and collision of the Cathaysian Plate, and the
clastic rocks changed into carbonate rocks. The massive
transgression reoccurred in the Upper Ordovician–Lower

FIGURE 1 | Distribution of the well SWY-1 and the southern Sichuan Basin in southern China, modified from the work of He et al., 2021, and Jiang et al., 2022.
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Silurian, restoring the sedimentary system of clastic rocks.
Meanwhile, a set of sedimentary organic-rich shales were
formed in the deep shelf surrounded by the ancient land.
During the Cambrian–Silurian, the Cathaysian Plate
gradually subducted down to and collided with the Yangtze
Plate. Until the end of the Silurian, the Yangtze and
Cathaysian Plates merged into a unified South China Plate.

SAMPLES, EXPERIMENTS, AND DATA
SOURCES

Table 1 shows the depth of 12 core samples selected from the
shales in the well SWY-1 of the Longmaxi Fm. In this study,
the TOC content was measured using a Sievers 860 TOC

content analyzer, and the maturity of organic matter was
analyzed by using a ZEISS Imager A2m, J&M MSP200
polarizing fluorescence microscope. In addition, the YST-I
mineral analyzer was employed in X-ray mineral-wide and
clay mineral analysis, and the 200812A shale gas content
analyzer was used to test the gas content of cores in the
well. An isothermal adsorption experiment was conducted
using an HPVA-200-4 isothermal adsorption instrument at
110°C. FIB-SEM (focused ion beam-scanning electron
microscopy) experiment was operated by using the Helios
NanoLab 660, and FIB-HIM (focused ion beam-helium ion
microscopy) was conducted by using the Zeiss Orion
NanoFab. Some of the experimental data in this article
came from the referred works (Guo et al., 2019; He et al.,
2021; Jiang et al., 2022).

TABLE 1 | Location and depth of core samples.

No. Well Fm. Depth (m) No. Well Fm. Depth (m)

1 SWY-1 Longmaxi 4,024.29 7 SWY-1 Longmaxi 4085.46
2 SWY-1 Longmaxi 4,041.66 8 SWY-1 Longmaxi 4087.84
3 SWY-1 Longmaxi 4,053.95 9 SWY-1 Longmaxi 4089.63
4 SWY-1 Longmaxi 4,062.35 10 SWY-1 Longmaxi 4091.7
5 SWY-1 Longmaxi 4,072.92 11 SWY-1 Longmaxi 4092.91
6 SWY-1 Longmaxi 4,080.01 12 SWY-1 Longmaxi 4094.68

TABLE 2 | Analysis results of the mineral components of core samples.

Depth (m) Quartz (%) Potash feldspar (%) Plagioclase (%) Calcite (%) Dolomite (%) Pyrite (%) Clay minerals (%)

4,024.29 31.5 0.7 7.6 0 0 3.2 57
4,041.66 33.3 0 6.2 0 0 2.7 57.8
4,053.95 35.9 0 7.1 2.9 6.4 5.1 42.6
4,062.35 29.9 0.9 3.6 5.5 12.4 3.7 44
4,072.92 42.1 0 8.4 2.5 5.2 3.1 38.7
4,080.01 44.3 0.9 6.9 3.5 3.4 4.7 36.3
4,085.46 57.5 0 3.4 6.9 9 2.6 20.6
4,087.84 64.4 1.1 3.3 3.7 4.7 3.8 19
4,089.63 42.2 0.9 4.4 4.5 9.7 7.3 31
4,091.7 51 0 1.4 4.2 21.9 3.6 17.9
4,092.91 31.7 1.1 5.1 2.9 5.7 3.8 49.7
4,094.68 18.4 1 3.8 0 2.8 8.2 65.8

TABLE 3 | Analysis results of the TOC contents and clay mineral components of core samples.

Depth (m) TOC (%) Clay minerals
(%)

I/S mixed
layer (%)

Illite (%) Chlorite (%)

4,024.29 0.77 57 23.94 19.38 13.68
4,041.66 0.2 57.8 24.854 21.964 10.982
4,053.95 1.82 42.6 20.448 17.892 4.26
4,062.35 2.28 44 20.24 18.92 4.84
4,072.92 1.72 38.7 19.737 15.867 3.096
4,080.01 2.74 36.3 16.698 16.698 2.904
4,085.46 3.2 20.6 13.39 5.974 1.236
4,087.84 4.05 19 11.21 7.03 0.76
4,089.63 4.79 31 18.29 11.78 0.93
4,091.7 2.02 17.9 8.771 8.592 0.537
4,092.91 1.26 49.7 30.317 15.904 3.479
4,094.68 2.22 65.8 38.164 23.03 4.606
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RESULTS AND DISCUSSION

According to the test, the average maturity of organic matter in
shales in the well SWY-1 of the Longmaxi Fm. was 2.1%, meaning
the shale studied was the postmature marine shale. TOC content
analysis, mineral component analysis, and isothermal adsorption
experiment were conducted on the 12 shale core samples, and the
results are shown in Tables 2–4. Langmuir volume refers to the
maximum adsorbing capacity, whose physical denotation is the
adsorbed gas content when the shales are saturated with methane
at a given temperature, and the unit is m3/t. The Langmuir

TABLE 4 | Analysis results of the Langmuir volume, Langmuir pressure, adsorbed gas, and total gas content of the core samples.

Depth (m) Formation pressure
(MPa)

Langmuir volume
(m3/t)

Langmuir pressure
(MPa)

Adsorbed gas
content (m3/t)

Total gas
content (m3/t)

Free gas
content (m3/t)

4,024.29 39.48 1.07 3.84 0.98 1.37 0.39
4,041.66 39.65 0.31 0.37 0.31 1.51 1.20
4,053.95 39.77 1.22 0.51 1.20 2.58 1.38
4,062.35 39.85 1.58 2.36 1.49 2.37 0.88
4,072.92 39.96 0.73 0.39 0.72 2.34 1.62
4,080.01 40.02 1.88 2.99 1.75 3.69 1.94
4,085.46 40.08 1.28 0.54 1.26 4.93 3.67
4,087.84 40.10 1.41 0.7 1.39 5.67 4.28
4,089.63 40.12 1.72 1.19 1.67 6.23 4.56
4,091.7 40.14 1.25 2.2 1.19 4.66 3.47
4,092.91 40.15 0.5 1.09 0.49 3.03 2.54
4,094.68 40.17 0.77 0.97 0.75 4.84 4.09

FIGURE 2 | Correlation analysis on the free gas content with the TOC
content and clay mineral content. It can be seen that the free gas content is
positively correlated with the TOC content, and it first negatively correlates and
then positively correlates with clay minerals.

FIGURE 3 | Correlation analysis on the free gas content with the I/S
mixed layer, illite, and chlorite. It could be seen that free gas is first negatively
correlated and then positively correlated with the I/S mixed layer and illite
content, while the free gas has negative relativity with chlorite.
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pressure means the corresponding pressure of half Langmuir in
volume with the unit MPa (Chalmers and Bustin, 2008; Ji et al.,
2014; Ji et al., 2015; Ji et al., 2016; Zhang et al., 2019b; Zhang et al.,
2019c). Based on the following Langmuir equation, the shales’
adsorption content of methane under any pressure can be
calculated.

V � VLP

P + PL
,

where V refers to the adsorption content of the samples under
formation pressure P, with m3/t as the unit; P means the
formation pressure, with MPa as the unit; P = 1 × 9.81×H/
1000, where H is the depth, and its unit is m; VL refers to the
volume of Langmuir; and PL refers to the pressure of Langmuir.

According to the depth and the equation mentioned earlier,
the formation pressure can be calculated. The adsorption content
of the shale can be achieved based on the Langmuir volume,
pressure, and formation pressure. The adsorbed gas is subtracted
from the total gas content in shales to get the free gas content, and
the results are presented in Table 4.

This study conducted a correlation analysis on free gas
content, adsorbed gas, TOC content, clay mineral content, I/S
mixed layer, illite, and chlorite, respectively, and the results are
presented in Figures 2–5. From Figure 2, it can be seen that the
free gas content has positive relativity with the TOC content,

while it negatively correlates with the clay mineral content before
they are positively correlated. With further analysis on the free
gas content and clay mineral components, as shown in Figure 3,
free gas is first negatively correlated and then positively correlated
with the I/S mixed layer and illite content. Meanwhile, the free gas
content has a negative relation with the chlorite content. These
results show that the free gas mainly exists in the pores of the
organic matter. Little can be found in the I/S mixed layer and illite
and none in chlorite.

According to Figure 4, the adsorbed gas content is positively
correlated with the TOC content and negatively correlated with
clay mineral components. More analysis was conducted on the
adsorbed gas content and mineral components. From Figure 5,

FIGURE 4 | Correlation analysis on the adsorption gas content with the
TOC content and clay minerals. It can be seen that the adsorbed gas is
positively correlated with the TOC content and negatively correlated with clay
minerals.

FIGURE 5 | Correlation analysis on the adsorbed gas with the I/S mixed
layer, illite, and chlorite. It could be seen that the adsorbed gas is first
negatively correlated and then positively correlated with the I/S mixed layer
and the chlorite content and it negatively correlates with illite.

Frontiers in Earth Science | www.frontiersin.org March 2022 | Volume 10 | Article 8642796

Zhang et al. Occurrence State of Methane Molecules

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


the adsorbed gas content is first negatively correlated and then
positively correlated with the I/S mixed layer and chlorite.
Meanwhile, it has a negative relation with the illite content.

These results show that the adsorbed gas mainly exists in the
pores of organic matter. Little can be found in the I/S mixed layer
and chlorite and none in illite.

FIGURE 6 | FIB-SEM image (A–D), the FIB-HIM image (E), and the well SWY-1, Longmaxi Fm. (A) 4080.01 m, (B) 4089.63 m, (C) 4053.95 m, (D) 4072.92 m, and
(E) 4089.63 m.
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The followings are the analyses of the causes. On the one
hand, the strata water content primarily affects shales’
capacity of storing methane because the water molecules
occupy the reservoir space of free methane molecules and
the adsorption sites of those in the adsorption state (Chen
et al., 2017; Zhang et al., 2020a; Zhang et al., 2020c; Huang
et al., 2020; Liu et al., 2021a; Liu et al., 2021b). As the strata
shale reservoir usually contains water and the clay minerals
have hydrophilicity, in underground reservoirs, the storage
capacity of clay minerals tends to be inhibited. When there are
enough clay minerals, the storage capacity will be presented
(Chen et al., 2016; Zuo et al., 2019; Wang et al., 2020b; Zhang
et al., 2022).

On the other hand, according to previous studies, some
suppose that the adsorption sites are more intensive on the
surface of organic matters, leading to better adsorption
capacity. Gas molecules have a discrete distribution on the
clay mineral surface and a relatively continuous distribution
on the organic matter surface (Chen et al., 2018; Xia et al.,

2020; Gao, 2021; Guo et al., 2021; Shan et al., 2021). In
addition, specific surface areas can influence the adsorption
capacity to a large extent. Through comparison, it was found
that the organic matter > I/S mixed layer > chlorite > illite in
terms of the specific surface area of components in shales, which
in organic matters outnumbers that in clay minerals.

The shale pore characteristics can be observed using a
scanning electron microscope, from which it was seen that
the FIB-SEM image has the largest grayscale, and the grayscale
composed of different shale materials drops with the decrease
in molecules. This means that the grayscale of the organic
matter in the FIB-SEM image is higher than that of inorganic
minerals (Tang et al., 2016; Wang et al., 2016a; Wang et al.,
2016b; Wang et al., 2017). According to the FIB-SEM image in
Figures 6A,B, tremendous organic matter pores exist in shales
with relatively high roundness. The FIB-SEM image in
Figures 6C,D shows clay mineral pores in shales, triangles,
and flakes in shape with low roundness (Li et al., 2017a; Li
et al., 2017b; Wang et al., 2020c).

FIGURE 7 |Occurrence state mode of methane molecules in postmature marine shales. (A)Methane molecules mainly occur in organic matter pores. Those in the
adsorption state occur on the inner surface of organic matter pores and pore throats, and those in the free state exist in pores and throats. (B) A few methane molecules
exist in clay mineral pores. Those in the adsorption state occur on the inner surface of the I/S mixed layer and chlorite, and those in the free state exist in pores formed by
the I/S mixed layer and chlorite.
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The FIB-HIM image can reflect interior pore situations,
presenting a 3D effect of the two-dimensional image. Different
from the FIB-SEM image, the grayscale in FIB-HIM increases
with the decrease in molecules, which means its organic matter
grayscale is lower than inorganic minerals. From Figure 6E, it can
be seen that many tiny pores are embedded in the large organic
matter pores, resulting in high connectivity and an alveolate
structure.

Based on the earlier analysis, this study summarized the
occurrence state of methane in postmature marine shales. As
shown in Figure 7A, the organic matter pore is approximately
round. The pores are large in amount with excellent connectivity.
The huge space between pores and inside the pore throat can
store abundant free gas. The inner surface of the organic matter
pore and throat adsorb methane molecules densely and
successively (Li et al., 2018; Wang et al., 2020d; Hou et al.,
2020; Xiao et al., 2020). The large pore-specific surface area of
organic matter offers methane molecules with more adsorption
spaces.

As shown in Figure 7B, the clay mineral pores are flaky in
shape. Thus, they are prone to contain water compared with
organic matter pores. With a smaller pore-specific surface
area, the clay minerals have a loose surface, so the adsorption
of methane proceeds with interruptions. Among the three clay
minerals in postmature marine shales in the Longmaxi Fm.,
the I/S mixed layer has the largest mineral layer spacing with
powerful adsorption capacity, offering reservoir spaces for
free gas and adsorbed methane molecules. Chlorite has
average adsorption capacity, but due to its small mineral
layer spacing, it only stores a little adsorbed gas and rare
free gas. As for illite, it has poor methane adsorption capacity
with certain mineral layer spacing. Thus, adsorbed gas can
hardly be stored, and only a small amount of free gas could be
gathered in illite.

CONCLUSION

In this study, the cores selected from the shales of the Lower
Silurian Longmaxi Fm. of the upper Yangtze region in
southern China were taken as study objects. The analyses
of TOC content, organic matter maturity, and mineral
components and experiments on core gas content,
isothermal adsorption, FIB-SEM, and FIB-HIM were
conducted. The following results were obtained based on
analyzing the occurrence state of methane molecules in
postmature marine shales with different agents.

First, the majority of methane molecules exist in organic
matter pores of postmature marine shales. These pores are
large in number with high roundness in the organic-rich
shales with the organic matter. The connectivity is
excellent, presenting a structure of small pores embedded
in big ones. Huge spaces are observed in pores and throats,
allowing the storage of tremendous free gas. In addition, the
pore-specific surface area of organic matter pores and throats

is larger. Inside, the methane molecules can be adsorbed
densely and continuously, offering more spaces for
adsorbing methane molecules.

Second, a few methane molecules exist in the clay mineral
pores of postmature marine shales. The clay minerals are flaky
in shape with a small number of pores with low roundness.
Compared with the organic matter pores, the pore-specific
surface area of clay minerals is smaller, so the adsorption of
methane molecules is not smooth. There are three clay
minerals in postmature marine shales in the Longmaxi Fm.
The I/S mixed layer has a large mineral layer gap and strong
adsorbing capacity, offering reservoir spaces. Chlorite can
adsorb methane molecules, but the mineral layer gap is
small. Thus, it stores a little adsorbed gas but cannot store
free gas. By contrast, illite has comparably poor adsorption
capacity, but it has certain mineral layer spacing, so the
adsorbed gas cannot be stored. However, it can store
certain free gas.
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