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The Changning area, located in the south of the Sichuan Basin, has obtained commercial
shale gas from the Silurian Longmaxi Formation, which is characterized by rich organic
matter, large hydrocarbon generation, and high gas content. A series of studies have been
carried out on the shale of the Wufeng Longmaxi Formation in the Changning area,
including mineral petrological characteristics, shale reservoir characteristics, and
accumulation characteristics. Although there are studies on the gas-bearing
characteristics of the Wufeng Formation-Longmaxi Formation shale in the Changning
area, the research is not systematic. In this work, based on isothermal adsorption
experiments, field desorption experiments, and well log interpretation, the gas-bearing
characteristics of the Longmaxi Formation shale in the Changning area were studied in
detail. The results showed that the average of saturated-adsorbed methane gas volume of
the Longmaxi Formation is 1 m®/t, which demonstrated that the Longmaxi shale reservoirs
had strong adsorption capacity. The total gas content of section Long11-1, Long11-2,
Long11-3, and Long11-4 is greater than 2 m®/t, which were the prolific shale gas layers.
The Long12 sub-member has the lowest total gas content, ranging from 0.34 m°/t to
3.84 m°/t, with an average of 1.59 m®/t. The free gas content of the Longmaxi Formation in
the Changning area was slightly smaller than the adsorbed gas content and it shows
increasing trend from the bottom to top, while the adsorbed gas content shows an
opposite trend. With the top of Long11-3 as the circumscription, the adsorbed gas
accounts for the main part of shale gas in the lower part and the free gas shale in the
upper part.

Keywords: gas-bearing, Longmaxi Formation, shale gas, Changning area, Southern Sichuan Basin

INTRODUCTION

There are rich shale gas resources in China, of which the Sichuan Basin is the leading edge of shale gas
exploration and development (Zou et al., 2016). The Changning area, located in the south Sichuan Basin,
has obtained commercial shale gas in the Silurian Longmaxi Formation. Gas bearing is an important
parameter for the evaluation of shale reservoirs, and it is also the ultimate indicator for determining
whether shale gas has commercial exploitation potential (Zou et al., 2016). The empirical data from the
North American commercial shale gas production show that the lower limit of shale gas content in
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FIGURE 1 | The location of the study area and stratigraphic column of the Longmaxi Formation of the X11 Well (Chen et al., 2019).
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favorable shale gas-producing areas is 2 m*/t, and the gas content is
affected by factors such as organic carbon content, maturity, and
mineral composition (Bowker, 2007; Hicky and Henk, 2007;
Mastalerz et al., 2010; Li et al., 2020). The total shale gas content,
mostly measured by field desorption experiment, consists of three
parts: desorption gas, loss gas, and residual gas. Desorption gas and
residual gas are measured, and loss gas is calculated by the regression
of desorption rate. At present, the USBM (United States Bureau of
Mine) method, polynomial method, Smith-Williams method,
descending curve method, Amoco method, and other desorption
data processing methods have been developed (Wei et al., 2015). In
this study, the widely used the USBM method is adopted. The total
gas content of shale is composed of free gas content and adsorbed gas
content (Hill et al, 2000). The free gas content is the shale gas
content are in the shale microcracks and macropores in the free state,
and the adsorbed gas content is the shale gas content exists on the
surface of mineral particles or organic matter (Xiong et al., 2012).
However, the specific content of the free gas and adsorbed gas cannot
be directly measured through experiments. There are three methods
to quantify the free gas and adsorbed gas content in the shale
reservoir, which include logging interpretation (Tang et al., 2014),
nuclear magnetic resonance technology (Li et al, 2018), and
isothermal adsorption (Zhang et al., 2017). Log interpretation and
isothermal adsorption can obtain continuous free gas and adsorbed

gas results, which are widely used in production. In order to avoid
the influence of other factors on the results in this calculation, the
original calculation equation is corrected according to the previous
research results (Tang et al., 2014; Gou et al., 2019).

A series of studies have been carried out on the reservoir
characteristics of the Longmaxi Formation shale in the
Changning area (Wang et al., 2012). However, few systematic
researches on the gas-bearing characteristics of shale in the
Changning area has been carried out. The studies on gas
content of the Longmaxi shale of Changning mainly focused
on the characteristics of isothermal adsorption and field
desorption of the total gas content and its influencing factors
but few studies on the characteristics of free gas and adsorbed gas
and their influencing factors (Yan et al., 2013; Luo et al., 2019).
Therefore, this study analyzes the isothermal adsorption
characteristics, total gas content characteristics, free and
adsorbed gas characteristics, and control factors of the
Longmaxi Formation shale in the Changning area.

GEOLOGIC SETTING

The Changning area is located in the southern Sichuan Basin,
which is located at the junction of the three provinces of Yunnan,
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Guizhou, and Sichuan (Figure 1). The Changning area is one of
the most favorable exploration areas of shale gas in the Sichuan
Basin.

The Sichuan Basin is a superimposed basin formed through a
long process of geological evolution (Cheng et al., 2021). The late
Ordovician to early Silurian was an important transition period
for deposition and tectonic evolution of the Yangtze Block. As an
important part of the Upper Yangtze Platform, the Sichuan Basin
has undergone huge changes in its sedimentary environment
(Chen et al., 2019). The southeastern edge of the Sichuan Basin
was uplifted by tectonic activity, which changed the sedimentary
environment in the southeast to make it transforming, from open
to restricted, forming a set of thick organic-rich shale (Wang
et al., 2012). During the Wufeng and the early Longmaxi period,
the study area was in a stable sea basin with high sea level. Due to
the large areas of the ocean floor deprived of oxygen, organic
matter and biogenic silica were effectively preserved, which
resulted in a set of organic-rich shale with abundant
graptolites sedimented in the area (Wang et al, 2017). The
Longmaxi shale in the Changning area has a great
hydrocarbon generation ability and high TOC(Wang et al,
2012). The type of organic matter is mainly type I kerogen
and the maturity (R,) of organic matter is over 2%, which
shows that the shale is over-mature.

The Longmaxi Formation is a conformable contact with the
underlying Guanyingiao section and the overlying Shiniulan
Formation. The lithology of Longmaxi Formation is generally
a combination of carbonaceous shale and silty shale. The
Longmaxi Formation (S;L) is divided into two sections,
namely the Long 1 Member (S;L;) and the Long 2 Member
(S1Ly). The lithology of the Long 1 Member is carbonaceous shale,
which is rich in organic matter and the Long 2 Member is mainly
silty shale. The Long 1 Member can be further subdivided into the
Long 11 submember (S;:L;") and the Long 12 submember (S1LD).
In between, the Long 11 submember with the more organic
matter can be divided into 4 small layers: section Longll-
1(S;L,'-1), Longl1-2 (S;L,'-2), Longll-3 (S;L,'-3), and
Longl1-4 (S,L,'-4) (Figure 1).

MATERIALS AND METHODS

Isothermal Adsorption Experiment

The shale isothermal adsorption curve could describe the ability
of shale to adsorb gas. The amount of shale adsorbed gas under
constant temperature is a function of pressure. The adsorption
law and capacity of shale follow the isothermal adsorption
relationship of Langmuir (1916):

pP+pL

where Vg represents the volume of adsorbed gas per unit
volume of the reservoir under pressure p, in m*/t; Vy is the
Langmuir volume, which represents the maximum amount of
adsorbed gas in the reservoir, in m*/t; p is the gas pressure in
MPa; p; is the Langmuir pressure in MPa. Langmuir pressure
and Langmuir volume indicate the maximum adsorption

0

E
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TABLE 1 | The samples of isothermal adsorption in well X9.

Sample number Depth (m) Formation TOC (%)
1-1BM 2,565.21-2,561.28 Shiniulan 0.14
1-4BM 3,036.75-3,036.85 Sil? 0.61
1-8BM 3,057.47-3,057.53 Silq? 1.05
1-11BM 3,074.42-3,074.47 SiL42 1.03
1-14BM 3,092.76-3,092.81 SiL42 1.12
1-17BM 3,109.96-3,110.02 SiL? 1.09
1-20BM 3,128.17-3,128.22 SiL42 1.04
1-23BM 3,156.44-3,156.50 Sl 1.67

capacity and difficulty of shale adsorption gas, respectively
(Zhang, et al., 2014). The maximum adsorption gas volume
tested in the experiment is taken as Vj, and the pressure
corresponding to the maximum adsorption gas volume of
the 1/2 is taken as p; (Chen et al.,, 2015).

The experimental samples for this study were taken from well
X9 in the south of the Changning area. The strata are Shiniulan
Formation and Longmaxi Formation, with a total of 8 samples
(Table 1). Before the experiments, the samples need to be dried
and pulverized to 180-425um particles for the isothermal
adsorption experiments. The experimental steps are as follows:
1) Put the shale particles of 180-425 um into the sample tank,
check the air tightness and measure the free space volume of the
experimental system, and measure continuously until the error is
less than 5%; 2) Close the sample tank after vacuuming, fill the
reference cylinder with methane gas at a certain pressure. After
the pressure is stabilized, open the valve of the sample cylinder to
allow the two cylinders to connect. After the pressure is balanced,
record the equilibrium pressure; 3) Close the sample cylinder and
continue to fill the reference cylinder with gas. The
abovementioned equilibrium process is repeated until the test
of all pressure points is completed. According to the measured
equilibrium pressure p at each pressure point and the
corresponding adsorption amount Vj,, a shale isothermal
adsorption curve can be drawn.

Field Desorption Experiments

The field desorption experiment is a direct method for measuring
the shale gas content (Jarvie et al., 2007). A total of 163 samples
were obtained from 4 shale gas wells in X13, X15, X16, and X17 in
the Changning area (Table 2). The four wells are drilled in
different locations of the Changning area. Sampling from these
wells for the field desorption experiments could provide more
comprehensive analysis of the gas content characteristics in the
Changning area. After the cores were out of the wellbore, 30 cm
shale was selected to remove mud and debris, weighed and placed
in a closed metal analysis tank, and the time of drilling
formations, time of starting drilling, time of reaching the
wellhead, and time of tank closure were recorded. The
desorption temperature of the first 3h is mud circulation
temperature. After 3 h, the desorption is performed under the
formation temperature conditions. The ambient temperature and
atmospheric pressure data are recorded, and the data of the gas
content with time is collected. The desorption is continuously
stopped until the analysis rate is less than 5 cm’/day.
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TABLE 2 | The samples of field desorption experiments in the Changning area.

Well Formation Number of samples
X13 SqiL42 27
SiLy’ 31
X15 SqiL4? 19
S 21
X16 SqiL4? 9
S 23
X17 SiL42 5
Skt 28

According to the gas state equation, the volume was converted
to a temperature of 0°C and a pressure of 101.325 kPa to obtain
the desorbed gas content. Residual gas is the volume of gas
released by pulverization after the natural desorption of shale
is terminated. The loss gas volume was calculated using the
USBM (United States Bureau of Mine) method. The initial
desorption gas volume is proportional to the square root of
time (Bertard et al, 1970). The cumulative desorption gas
volume under standard conditions is taken as the ordinate,
and the square root of time is plotted on the abscissa. In the
square root diagram of the desorbed gas, volume and time, the
absolute value of the intercept between the inverse extension line
and the ordinate axis is the loss gas volume. Therefore, the total
desorption gas content is

Qu = Qo + b/t +1,, (2)

where Q, is the total desorption gas content, m’/t; Q, is the loss
gas content, m>/t; ¢ is the loss time, min; ¢, is measured loss time,
min; and b is the slope obtained by linear regression of some
initial desorption data.

Free Gas and Adsorbed Gas Calculation
Processing and analyzing the logging data of 7 wells (X9, X11,
X12, X13, X15, X16, and X17) in the study area were carried out
to accurately obtain shale porosity and oil saturation, gas
saturation, and other parameters. These parameters are used
to calculate the free gas content, adsorbed gas, and total gas
content. Langmuir pressure and Langmuir volume of the shale
were obtained through isothermal adsorption experiments. For
shale samples with different temperatures, pressures, and TOC, it
is necessary to conduct logging correction for each parameter
(Tang et al., 2014). Langmuir volume and Langmuir pressure for
correction are

Vi = 35.3357V; x 1.006"7, (3)
Py, = 145.1379P; x 1.0116" ", (4)

where V) is the Langmuir volume adjusted for reservoir
temperature, m’/t; Py is the temperature corrected Langmuir
pressure of reservoir, MPa; T is the reservoir temperature, °C; T; is
the test temperature of isothermal adsorption, ‘C; V; is the
Langmuir volume of the test sample, m’/t; and P; is the
Langmuir pressure of the tested sample, MPa. The reservoir
temperature can be obtained through the depth and
geothermal gradient, the geothermal gradient is 2°C/100 m.

Gas-Bearing Characteristics of Longmaxi Shale

TOC for correction is

TOC,,

Vie=V >
I "TOC,,

(5)

where V;——the Langmuir volume adjusted for reservoir
temperature and TOC,m’/t; TOC,,—— the TOC of the
isothermal adsorption experiment sample; TOCi;— the TOC
calculated by logging.
After correction and combined with Eq. 1, the adsorption gas
volume of shale is
G _wy, (6)

A=pipy,

where p is the reservoir pressure, MPa.

Free gas is the gas in the pore of shale, which can be calculated
by the volume model and then subtracted the volume occupied by
the adsorbed gas (Ambrose et al., 2012; Li et al., 2012). Therefore,
the actual volume of free gas is

G , (7)
T W’(—G)
1.318 x 10°°M
C= Xi, (8)
Ps

where Gyis the free gas content, cm®/g; ¢ is the porosity of rock,
expressed as percentage; S,, is the saturation of water, expressed
as percentage; So is the saturation of oil, expressed as
percentage; p, is the visual density of rock, g/cm’; B, is the
gas formation volume factor; M is the apparent molecular
weight of natural gas, g/mol, and methane is 16; p; is the
density of adsorbed methane, g/cm?, p, = 0.3750-0.4233, and
generally 0.37 is taken for shale reservoir.

RESULTS

Characteristics of Isothermal Adsorption
Adsorption is one of the important mechanisms of shale gas
occurrence. In Barnett shale, Lewis shale, and Antrim shale, the
volume of adsorbed gas accounts for 20-85% of the total shale gas
reserves (Curtis, 2002).

The isothermal adsorption curve of well X9 samples shows
that the saturated adsorption gas volume of the Shiniulan
Formation is about 0.45 m’/t, and the saturated adsorption gas
volume of the Longmaxi Formation is between 0.75 m*/t and
1.2 m*/t, with an average value of 1 m’/t (Figure 2). The volume
of the saturated adsorbed gas in the Longmaxi Formation was
significantly higher than that in the Shiniulan Formation. The
saturated adsorption gas volume of sample 1-4BM, 1-11BM, and
1-23BM is about 0.75 m>/t, 0.92 m>/t, and 1.2 m*/t (Figure 2),
respectively. Evidently, the overall volume of the saturated
adsorbed gas in the Longmaxi Formation gradually increased
from shallow to deep. The overall volume of the saturated
adsorbed gas in the Longmaxi Formation shale is relatively
high, and the shale reservoir has a strong adsorption capacity.
The saturated adsorbed gas of S,L,? is smaller than the saturated
adsorbed gas of S,L, %
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FIGURE 2 | The isothermal adsorption curve. (A) 1-1BM, 2,565.21 m-2,561.28 m, well X9; (B) 1-4BM, 3,036.75 m-3,036.85 m, well X9; (C) 1-8BM,
3,057.47 m-3,057.53 m, well X9; (D) 1-23BM, 3,156.44 m-3,156.5 m, well X9. The curve showing the data (circle), Langmuir fit (blue line), Upper 95% Conf. Interval

TABLE 3 | The total gas content of field desorption in the Longmaxi Formation.

Formation Total gas content (m®/t)
Minimum Maximum Average <2 m®/t ratio >2 m®/t ratio (%)

SiL42 0.34 3.84 1.59 75% 25
SiLy1-4 0.97 10.31 3.23 53% 47
SiLy'-3 1.62 477 3.17 22% 78
S 1.75 9 3.61 12% 88
SH 2.25 4.04 2.95 0 100
SiL 0.34 10.31 2.64 52% 48

Characteristics of Total Gas Content
The total gas content of the Longmaxi Formation is between 0.34 m’/

tand 10.31 m’/t, with an average of 2.64 m’/t (Table 3). The total gas
content of $;L;"-2 is the highest, with an average value of 3.61 m’/t,
while the average total gas content of S,L,” is the lowest, which is
1.59 m*/t. The total gas content of S,L,*-1, S,L,*-2, S,L,*-3, and
S,L,'-4 is greater than 2 m’/t. The total gas content of S,L, M1 is
collectively more than 2m’/t, which is the dominant layer of
commercial mining, The total gas content of $,L;* is greater than
2m’/t, accounting for only 25%. Accordingly, the portion of the
Longmaxi Formation with a total gas content of more than 2 m’/t

tends to decrease from the bottom to the top. The total gas content
has a consistent change trend with the loss gas, desorbed gas, and
residual gas, and generally shows a gradual decrease from the bottom
to the top (Figure 3).

Characteristics of Free Gas and
Adsorbed Gas

Methane is produced by organic matter through biological or
thermal genesis, and is stored in the matrix pores, natural
fractures, and some organic nanopores of shale as free gas; or
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FIGURE 3 | The total gas content, residual gas content, desorbed gas content, and lost gas content of the Longmaxi Formation in X15 well, see Figure 1 for the

gets adsorbed on mineral particles, organic matter surfaces, and
some smaller pores surfaces (Yan et al., 2013). The characteristics
of free gas and adsorbed gas have a significant impact on the shale
gas production that affects the implementation of fracturing and
acidification.

The free gas content of the Longmaxi Formation shale in the
Changning area is generally slightly less than the adsorbed gas

content. The free gas contents range from 0 to 8 m>/t, with an
average value of 1.46 m>/t. The adsorbed gas contents are between
0 and 4.92 m’/t, with an average value of 1.52 m’/t (Table 4).
There are differences in the free gas and adsorbed gas content
in each layer of the Longmaxi Formation. Among them, the free
gas in S;L,"-1 accounted for 39% of the total gas content, and the
adsorbed gas accounted for 61%. At the top of S,L,? the free gas
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TABLE 4 | The free gas and adsorbed gas content in the Longmaxi Formation shale in the Changning area.

Formation Free gas content (m3A) Adsorbed gas content (m3A)
Minimum Maximum Average Minimum Maximum Average

Silk? 0 4.52 1.27 0 2.82 1.2
SiLy"-4 0 5.36 21 0.43 3.06 1.91
SR 0 6.56 2.49 1.1 3.98 2.75
SiL"-2 0.21 5.97 2.07 1.7 3.65 2.71
SiLy'-1 0.43 8 2.29 1.83 4.92 3.55
SiL 0 8 1.46 0 4.92 1.52

accounts for 51% of the total gas content, and the adsorption gas
accounts for 49% of the total gas content. The free gas content in
the total gas content in the vertical direction increased from
bottom to top, while the adsorbed gas content showed a
decreasing trend. It is remarkable that with the top of S,L,'-3
as the circumscription, the adsorbed gas accounts for the main
part of the shale gas in the lower part, and the free gas shale gas in
the upper part. (Figure 4). This phenomenon may be related to
the increase in the silty sandy content from the bottom to the top
of the Longmaxi Formation. The silty sandy content at the top is
higher, and it results in a looser rock structure and a larger pore
diameter, which provides more space for free gas. The organic
matter content and the degree of thermal evolution at the bottom
of the Longmaxi Formation are higher. The organic matter pores
and organic matter formed during thermal evolution both
provide a specific surface area for the adsorbed gas.

DISCUSSIONS

Relationship Between Lithofacies and Gas
Content

Affected by the data limitations and characterization methods,
there are many types of shale lithofacies classifications criteria in
sedimentology (Loucks and Ruppel, 2007; Hickey and Henk,
2007; Hammes et al., 2011; Abouelresh and Slatt, 2012;
Hemmesch et al, 2014; Wang, et al, 2016). This study
classified the lithofacies of the Longmaxi Formation shale in
the Changning area based on the mineral composition. Projecting
the sample points on the lithofacies ternary diagram, there are 8
types of lithofacies which include mixed siliceous shale (S-1),
calcareous siliceous shale (S-2), argillaceous siliceous shale (S-3),
mixed shale (M-2), siliceous-argillaceous mixed shale (M-3),
siliceous-calcareous mixed shale (M-4), calcareous argillaceous
shale (CM-2), and siliceous argillaceous shale (CM-3) in the
Longmaxi Formation (Figure 5).

The total gas content of each lithofacies is counted to study the
control effect of the relative gas content of the rocks. Since the
siliceous argillaceous shale, calcareous argillaceous shale, and
mixed shale all have only one sample point, the maximum,
minimum, and average values of the total gas content are not
enough to reflect the true total gas content, and consequently, the
geological significance of the data has not been counted.

In the other five lithofacies, the total gas content of the mixed
siliceous shale (S-1) and argillaceous siliceous shale (S-3) is larger.

The total gas content of the mixed siliceous shale ranges from
1.37 m’/t to 7.75 m>/t, with an average total gas content of 3.8 m’/
t; the total gas content of the argillaceous siliceous shale is
between 0.68m’>/t and 10.31 m*/t, the average is 2.89 m’/t
(Figure 6). The superiority of these two types of lithofacies is
mainly related to the mineral composition of the shale. The mixed
siliceous shale and argillaceous siliceous shale are rich in quartz,
and a large number of scholars have confirmed that the quartz in
the lower part of the Longmaxi Formation mainly comes from
siliceous radiolarians, which is a biological cause (Zhang et al,,
2016; Guo et al.,, 2020). Research on the genesis of quartz in the
shale gas reservoirs in Canada found that the higher the content
of biological quartz, the higher the content of TOC, and the
higher corresponding gas content (Ross and Bustin, 2007)
(Figure 8). In addition, during the diagenesis of shale, the
underground pressure acts on the rock, and quartz, as a brittle
mineral in the rock, will be broken by the compaction to form
microfractures, which provides more storage space for the free
shale gas.

Relationship Between TOC and Gas

Content

The organic matter in shale is the material source of shale gas,
and the organic matter content greatly affects the gas content
(Hicky and Henk, 2007; Bowker, 2007 (Mastalerz et al., 2010).
Early research has proved that the total gas content increases
with the increase of organic carbon. The study of the
Devonian-Mississippi of New Albany shale gas reservoirs in
the Illinois Basin shows that the total gas content of shales
increases with the increase of TOC content (Bowker, 2007;
Mastalerz et al., 2010).

The Longmaxi Formation shale in the Changning area has
good hydrocarbon generation ability, high organic carbon
content (TOC), and the type of organic matter is mainly type
I kerogen. The organic carbon content of the Longmaxi
Formation has a tendency to decrease from the bottom to the
top (Figure 3). By linearly fitting the Longmaxi Formation
organic carbon content and the total gas content data in the
Changning area, it was found that the total gas content has a
positive correlation with the organic carbon content. The square
of correlation coefficient (R?) is 0.8216, and the correlation is
extremely strong, which proves that the organic carbon content is
an important factor for controlling the total gas content
(Figure 7).
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FIGURE 4 | The free gas and adsorbed gas content of the Longmaxi Formation in X10 well.

The organic matter content influences both the free gas and
adsorbed gas content. There is usually high porosity and gas
saturation in the high TOC shale, which increases the storage
space of the free gas (Wang et al., 2013). Siliceous organisms have
a great contribution to the paleoproductivity of shale, and are an
important source of siliceous minerals in the Longmaxi shale (Liu
et al., 2019). The prosperity of siliceous organisms makes the
paleoproductivity favorable for the enrichment of organic matter.
Therefore, TOC and siliceous minerals are often positively

correlated. The fracture of siliceous minerals could provide a
large amount of free gas storage space, thereby increasing the free
gas content. In addition, TOC also has a direct effect on the
adsorbed gas content. In shale with high TOC, the organic matter
pores in organic matter are well developed, which provide
adsorption space and larger specific surface area for the shale
gas (Jarvie et al.,, 2007; Ross and Bustin, 2008). Organic matter can
also be used as an adsorbent to adsorb gas, so it is conducive to the
enrichment of the adsorbed gas. Some research results show that
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FIGURE 5 | Lithofacies ternary diagram of the Longmaxi shale in the
Changning area. S-1 is mixed siliceous shale, S-2 is calcareous siliceous
shale, S-3 is argillaceous siliceous shale; M-1 is argillaceous-calcarous mixed
shale, M-2 is mixed shale, M-3 is siliceous-argillaceous mixed shale, M-4

is siliceous-calcareous mixed shale; CM-1 is mixed argillaceous shale, CM-2 is
calcareous argillaceous shale, CM-3 is siliceous argillaceous shale; C-1 is
mixed calcareous shale, C-2 is siliceous calcareous shale, and C-3 is
argillaceous calcareous shale.

type I organic matter in the Longmaxi Formation shale has
stronger adsorption capacity than clay minerals (Yan et al,
2013). In addition, the surface of the organic matter is
lipophilic, so it has strong adsorption for gaseous
hydrocarbons, and the content of the adsorbed gas also increases.

Relationship Between Mineral Composition
and Gas Content

Previous studies have shown that mineral composition has a certain
effect on the total gas content (Nie and Zhang, 2012; Luo et al., 2019).
The Longmaxi Formation shale in the Changning area is mainly
composed of quartz, feldspar, clay minerals, carbonate minerals, and
pyrite. The composition and structure of minerals affect the
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FIGURE 7 | Relationship between the TOC and the total gas contents of
the Longmaxi Formation shale in the Changning area.

structural characteristics of pores, which affects the shale
adsorption capacity, and then its gas content will change. The
Longmaxi shale in the Changning area is rich in quartz, and the
total gas content of the shale increases with the increase of the quartz
content (Figure 8A). Quartz is mostly biogenic in the Longmaxi
shale, which has a positive correlation with the TOC, and at the same
time, the organic carbon controls the total shale gas content to a large
extent. Therefore, a positive correlation has been established between
the quartz and total gas content (Zhang et al., 2016). In addition,
when the overlying pressure on the formation is greater than the
compressive strength of the rock, the brittle mineral such as quartz
will break up and form microcracks which provide space for the free
gas. Some scholars believe that quartz has a strong pressure
resistance and can form a rigid grid, which is conducive to pore
preservation (Luo et al., 2019).

Unlike quartz, the total gas content decreases with increasing
clay mineral content (Figure 8B). Clay minerals have a layered
structure, and the interlayers provide space for the adsorption of
shale gas. In theory, the total gas content should increase with the
increase of clay mineral content, but in fact the opposite is true.
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Some scholars believe that the reason for this is that the presence
of water occupies the surface adsorption sites of the hydrophilic
clay minerals, which greatly reduces the amount of adsorbed
methane gas (Ross and Bustin, 2008). And studies have proven
that the water content reduces methane adsorption in the
Midland Valley oil shale (Merkel et al, 2015; Merkel et al,
2016). On the other hand, clay minerals will increase in
volume after absorbing and expanding, which will block the
existing pores in the rock and reduce the free gas content.

Pyrite is common in the Longmaxi shale in the Changning
area, and the total shale gas content increases with the increase of
pyrite content (Figure 8C). Some scholars have shown that iron
in pyrite plays an important role in organic matter deposition,
and a high iron content is conducive to organic matter
enrichment (Nie and Zhang, 2012). In the deep-water
environment where shale was originally deposited, marine life
is highly productive, which enables a large amount of organic
carbon to be transported and produces a high-intensity sulfate-
reducing environment. > in pore water combines with iron to
form pyrite and is buried accompanied by organic matter, the
development of this type of primary pyrite represents that the
reducing environment is conducive to the enrichment and
preservation of organic matter (Luo et al,, 2019).

The carbonate content of the Longmaxi shale in the
Changning area is relatively low, the dolomite content is
between 0.7 and 11.5%, with an average content of 10.8%; the

calcite content ranges from 4.4 to 38.8%, with an average content
of 3%. The carbonate mineral content in the shale sample is
mostly concentrated at 5-17%. At this time, the carbonate
mineral content is relatively low and the total gas content has
no significant correlation with the carbonate mineral content.
When the carbonate mineral content is between 17 and 45%,
there is a weak negative correlation between the total gas content
and carbonate minerals (Figure 8D). This indicates that when the
carbonate mineral content is higher, the total gas content will
decrease, which may be due to the calcite cementation that will
block some pores and microfractures, and then reduce the free
space of the shale gas.

CONCLUSION

This work performed the gas-bearing characteristics of the
Longmaxi shale in the Changning area by means of the
isothermal adsorption experiments, field desorption experiments,
and well log interpretation. Afterward, the effect of factors such as
lithofacies, TOC, and mineral composition on the gas content is
discussed. The following conclusions could be drawn:

1) In the Changning area, the Longmaxi shale has good
adsorption capacity, and the adsorption capacity decreases
from the bottom to the top in the vertical direction.
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2) Vertically, the total gas content decreases from the bottom to
the top, which is a consistent trend with the loss gas, desorbed
gas, and residual gas. In terms of the gas content indicator,
S,L,*-1, S,L,*-2, and S,L,'-3 of S,L,' are the most
economically beneficial layers in the Longmaxi Formation,
as the total gas contents of them are much higher than the
commercial mining standard of 2 m>/t.

3) The free gas content in the vertical direction increased from
the bottom to the top, while the adsorbed gas content
decreased, as the adsorption capacity of the Longmaxi shale
decreases from the bottom to the top. With the top of S;L;'-3
as the circumscription, the adsorbed gas accounts for the main
part of the shale gas in the lower part, and the free gas shale gas
in the upper part.

4) There is a strong positive correlation between the total gas
content and organic carbon content, the gas content of the
Longmaxi Formation shale in the Changning area is
dominated by TOC, which have a positive effect on the
enrichment of free gas and adsorbed gas.

5) The lithofacies of shale is also an important influencing factor
in the gas content of the Longmaxi shale in the Changning
area. The mixed siliceous shale and argillaceous siliceous shale
of which quartz is a major mineral of shale have higher gas
content, and are dominant gas-bearing shale lithofacies.

6) In addition, mineral composition also has a certain effect
on the total gas content of shale. Quartz and pyrite have a
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