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Deep shales refer to the shales with buried depth greater than 3500 m. Yields of shale gases depend on
the form of their occurrence at the depth, but the major controlling factors on shale gas occurrence
state in deep high-over mature shales are poorly understood. Using the Longmaxi Formation as an
example, the shale gas occurrence characteristics of deep high-over mature shales were quantitatively
characterized, and the effects of temperature, pressure, pore structure, and organic matter abundance

Keywords: on the occurrence characteristics of shale gas were studied by using the control variable method.
Deep shale The results show that the Longmaxi shale is mainly organic-rich argillaceous shale, with an average
Adsorbed gas porosity of 7.54%. The pore volumes are mainly contributed by mesopores, whereas the total specific
Free gas surface areas are primarily by micropores. The Longmaxi shale has high gas contents, with total gas

Gas content
High pressure
Pore structure

contents of 3.82~7.89 m?/t rock, in which the proportion of free gas varies from 71% to 83%, with an
average of 77%. The high proportion of free gas depends on the particular geological conditions in the
Longmaxi Formation. High temperature is not conducive to shale gas storage, and its negative effect on
adsorbed gas is greater than that on free gas. High pressure is beneficial to shale gas storage, and its
positive influence on free gas is greater than that on adsorbed gas. The large pore volume dominated
by mesopores provides sufficient storage place for free gas. High organic matter content is beneficial
for shale gas enrichment but reduce the proportion of free gas. In conclusion, high pressure and large

pore volume are the major factors for the high proportion of free gas.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction for commercial development of shale gas in China. Its deep shale

gas geological resources amount to 16 trillion cubic meters, ac-

The potential of shale gas resources is great globally (Hou
et al, 2021; Hu et al, 2021a). At present, the exploration and
development technology of shale gas is becoming more and more
perfect (Gou et al,, 2021). Countries represented by the United
States, Canada and China have taken the lead in realizing the
commercial production of shale gas, especially shallow shale gas.
Recently, petroleum geologists begin to focus on deep shale gas
which is stored in high temperature and high pressure forma-
tions with buried depth greater than 3500 m and is generally in
high-over mature stage. Practice shows that deep shale gas has
great exploration potential. For example, the Wufeng-Longmaxi
Formation in the southern Sichuan Basin is the main battlefield
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counting for approximately 84% of the total shale gas geological
resources (Ma et al., 2021). PetroChina and Sinopec explored and
developed deep shale gas in the Wufeng-Longmaxi Formation
in Luzhou, Weiyuan, and Dingshan areas in the Sichuan Basin
and drilled several high-yield shale gas wells. For example, well
L203 in southern Sichuan obtained a shale gas test production
of 138 x 10* m3/d, and the shale gas test output of well DY4
in southeastern Sichuan is 20.56 x 10%* m3/d, which strongly
confirms the considerable resource potential of deep shale gas
(Yang et al., 2021).

Shale gas is stored in micro and nano pores of shale in various
occurrence states such as free gas, adsorbed gas, and dissolved
gas, and dissolved gas can be negligible due to low content
(Chen et al., 2019a; Etminan et al., 2014; Guo et al,, 2020; Hao
et al.,, 2013; Zhu et al.,, 2020). The relative content of adsorbed
gas and free gas affects shale gas development because free gas

2352-4847/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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Fig. 1. (a) is the sketch map showing the structural outline of the Sichuan Basin and the location of the Weirong block (modified after Nie et al. (2021)); (b) is the
regional map of the Weirong block (modified after Tang et al. (2021) and Xiong (2019)); (c) shows the profile of Longmaxi shale (modified after Tang et al. (2021)

and Xiong (2019)).

determines the initial production capacity while adsorbed gas
determines the production longevity of shale gas well (Ji et al,,
2012). Research shows that the relative content of adsorbed gas
and free gas varies significantly in shales with different burial
depths and maturities (Li et al., 2018b). For example, the low ma-
ture Antrim Shale with burial depth less than 1000 m in the San
Juan Basin has adsorbed and free gas contents of 70% and 30%, the
adsorbed and free gas contents of medium-high mature Bartnett
Shale with burial depth of 1000~2500 m in the Fort Worth Basin
are 60% and 40%, the over mature Horn River Shale with burial
depth of 2500~3000 m in the Anadarko Basin has adsorbed and
free gas contents of 34% and 66%, and the proportions of adsorbed
and free gas of the over mature Haynesville Shale with burial
depth of 3350~4000 m in the North Louisiana Basin are 20% and
80% (Curtis, 2002; Montgomery et al., 2005; Zou et al., 2020).
It is found that free gas is more enriched than adsorbed gas in
shale with large buried depth and high maturity. However, the
occurrence characteristics of shale gas and its main controlling
factors in deep high-over mature shale have not been exten-
sively discussed. This paper aims to quantitatively characterize
the shale gas occurrence characteristic of deep high-over mature
shale, taking the Silurian Longmaxi Formation in the Weirong
block, southern Sichuan as an example, and discusses the main
influencing factors of shale gas occurrence. The research results
are expected to provide theoretical guidance for the prediction of
deep shale gas “sweet spot” in the Sichuan Basin and other areas
in the world.
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2. Geological setting

The Sichuan Basin is a superimposed petroliferous basin in
southwestern China, which evolved from a passive continental
margin to a foreland basin in the late Triassic (Dai et al., 2014; Nie
et al., 2020). The Sichuan Basin is divided into six tectonic units,
which are the north low-gentle structural belt, east high-steep
structural belt, west low-steep structural belt, south low-lying
structural belt, southwest low-fold structural belt, and central
gentle structural belt, respectively (Nie et al,, 2021; Yang et al,,
2016a; Fig. 1a). The Weirong block structurally belongs to the
southwest low-fold structural belt. It is located in the Baimazhen
syncline between the southeast wing of the Weiyuan structure
and the Ziliujing anticline (Cao et al., 2020; Fig. 1b). Controlled by
the Weiyuan large dome anticline, the structure is gentle (Zhou
et al,, 2014).

The Longmaxi Formation, especially the lower Longmaxi, is
the important shale gas production layer for the Weirong block.
During the Early Silurian, the global transgression occurred, and
the Longmaxi Formation was deposited in deep-water shelf to
shallow-water shelf environments (Cao et al., 2015; Ma et al,,
2016). The Longmaxi Formation can be approximately divided
into two members according to lithology. The lower Longmaxi
member is mainly black carbonaceous shale with abundant grap-
tolite and radiolarian. The lithology of the upper Longmaxi mem-
ber mainly consists of calcareous silty shale and gradually
changes upward into dark gray mudstone. The burial depth of
the Longmaxi Formation in the study area is generally greater
than 3500 m (Fig. 1c). The values of equivalent reflectance of
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Fig. 3. Pores in the Longmaxi shale samples in the Weirong block, Sichuan Basin. (a) Interparticle pores between quartz grains; (b) Intercrystalline pores within pyrite
frambodies; (c) Intraplatelet pores within clay aggregates; (d) Organic matter filled pore space between quartz and clay minerals; (e) Mesopores and micropores
developed in organic matter filled between mineral grains; (f) Micropores developed in organic matter filled in clay aggregates; (g) Micropores developed in organic
matter filled in pyrite frambodies; (h) Circular pores in organic matter; (i) Elongated pores in organic matter.

the Longmaxi shale are mainly in the range of 1.95%~3.20%,
indicating that the Longmaxi shale of the study area is a critical
target reservoir for shale gas exploration and development.

3. Material and methods
3.1. Samples and experiments

The Longmaxi shale samples were obtained from the WY23
well at a depth of 3815~3841 m.

Samples were crushed to powders to 0.2 mm sieve. The pow-
der of 0.1 g was treated with sufficient diluted hydrochloric acid
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to remove carbonates and then was washed and dried. Then
the total organic carbon (TOC) content was measured by a LECO
CS400 carbon sulfur analyzer.

Sample powders with the grain size of 40 um were prepared
for X-ray Diffraction (XRD) analysis, performed on a D/max-
2500 diffractometer using Co Ko radiation. The diffracted beams
scanned in the sample powders at a rate of 2°(26)/min in the
range of 3~85°(20) (Hu et al., 2021b). The relative mineral per-
centages were determined by estimating the area of the specified
peaks in the spectrogram (Tian et al., 2016).

The samples were prepared as cylindrical plugs with 2.54 cm
in diameter and 2.54 cm in length. The bulk volumes of these plug
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Fig. 4. Nitrogen adsorption and desorption isotherms for the Longmaxi shale
samples in the Weirong block, Sichuan Basin.

samples were measured by the Archimedes method (Gasparik
et al,, 2014). After that, these plug samples were crushed into
powders with the grain size of 0.25 mm, which was weighed
and used for determining the grain volume with Boyle’s law
porosimeter. Then the grain density and porosity were obtained
from the grain volume, the grain mass, and the bulk volume (Hu
et al,, 2019).

Water saturation was measured by the retort method (Li et al.,
2021a). 100 g crushed samples with a diameter of 6.4 mm were
put into a sample cup in the insulated oven. The temperature of
the oven was set at 177 °C. During the heating process, moisture
in the samples vaporized from the oven to the condensing tube
and was then collected in the receiving tube. Until the water
volume no longer increased, it would be recorded. The water
saturation could be calculated with measured pore volume on an
alternative sample.

The samples were prepared as slices with approximately 1 cm?
in size. These sample slices were treated with Ar ion milling
in order to make their surfaces smooth and flat. Then the pore
morphology, size and type can be observed by field emission
scanning electron microscope (FE-SEM).

The powdered samples with grain size of 0.25 mm were dried
and degassed at 378.15 K in a vacuum environment for more than
12 h. Then the prepared samples were exposed to nitrogen at
constant temperature of 77 K. The adsorption isotherm was ob-
tained with the increasing of the relative pressure from 0.00001
to 0.99. In contrast, the desorption isotherm was obtained with
pressure reducing. Then the pore size distribution, pore volume,
and pore surface area were then calculated using Barrett-Joyner-
Halenda (BJH) and Brunauer-Emmett-Teller (BET) models from
the adsorption-desorption isotherms.

Samples were ground into powder with 0.25 mm in diameter.
The methane excess adsorption isotherms were measured using
the gravimetric method (Wei et al.,, 2019). Main procedures were
as follows. First, the mass and volume of the adsorption cell
were measured by Archimedes method with nitrogen as fluid.
Second, the samples were crushed into powders of 60-80 mesh,
and these powder samples were dried and degassed at 110 °C for
8 h to remove moisture and impurity gas effectively. Third, after
the powdered samples were placed in the adsorption cell, the
mass and grain volume were determined with Helium as fluid.
Finally, methane with purity of 99.99% was used as adsorbent,
and the methane excess adsorption isotherms were measured at
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the temperature of 383.15 K and the pressure from 0.5 MPa to 30
MPa with 16 pressure points were set.

3.2. Supercritical Dubinin-Radushkevich model

According to the Gibbs adsorption model, the excess adsorp-
tion amount is measured by methane adsorption experiment. The
absolute adsorption amount is related to the excess adsorption
amount and can be calculated by Eq. (1) (Gasparik et al., 2012;
Krooss et al., 2002).

/L)

. (1 _
Pad

where 1 is the excess adsorption amount, m?/t rock; ngp, is the
absolute adsorption amount, m3/t rock; pree is the density of free
gas, kg/m?; p,q is the density of adsorbed gas, kg/m?>.

Methane occurs in the form of supercritical fluid in shale
reservoirs (Hu et al., 2021c; Tang et al., 2019). The supercritical
Dubinin-Radushkevich (SDR) model is usually used to fit the
measured excess adsorption isotherms and obtain the absolute
adsorption isotherms (Eq. (2), Rexer et al., 2013; Sakurovs et al.,
2007). The SDR model was improved on the classical Dubinin-
Radushkevich (DR) model that describes subcritical adsorption
(Dubinin, 1989). Based on the pore filling mechanism, the SDR
model takes the effect of shale pore structure on adsorption

(Murata et al., 2001).
2
nex=n0'exp{—D~[ln( >~R'T]}'<l ) (2)

where 1 is the maximum absolute adsorption amount, m?/t rock;
D is an interaction constant related to pore structure, mol?/kJ?;
R is the ideal gas constant, 8.314 x 1073 kJ/(mol K); T is the
temperature, K.

(1)

Pad
Pfree

_ Pfree
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3.3. Control variable method

The control variable method was used to study the influence
of a single geological factor on the occurrence state of shale
gas. In other words, the implementation of this method is to
regard a particular factor as a variable and quantitatively study
the influence of the variable on the occurrence state of shale
gas under the condition that other factors remain unchanged.
Experimental groups I-V were set to investigate the effects of
temperature, pressure, the coupling of temperature and pressure,
pore structure, and organic matter content on the shale gas occur-
rence, respectively (Table 1). For example, experimental group I
was set that except that temperature is the variable, other factors
such as pressure, organic matter content, porosity, rock density,
and water saturation are set to constant values. The values of
these constants are the averages of the various parameters of
the sample, respectively. Similarly, experimental group II takes
pressure as the variable, whereas temperature and pressure are
variables in experimental group III. Experimental group IV and V
take TOC and porosity as the variables, respectively.

4. Results
4.1. Organic matter, mineral composition and lithofacies

The TOC contents of the Longmaxi shale samples are in the
range of 1.70 wt%~3.74 wt%, with an average of 2.72 wt%1u
(Table 2). XRD analysis show that the Longmaxi shale samples
are mainly consisted of clay minerals, Quartz and carbonates.
The contents of clay minerals range from 34% to 51%, averag-
ing 43.25%, mainly including illite and mixed illite/smectite. The
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Experimental group Temperature (K) Pressure (MPa) TOC (wt.%) Porosity (%) Shale density (g/cm?) Water saturature (%)
I Variable 72 2.72 7.54 2.52 40.8
il 420 Variable 2.72 7.54 2.52 40.8
I Variable Variable 272 7.54 2.52 40.8
v 420 72 Variable 7.54 2.52 40.8
v 420 72 2.72 Variable 2.52 40.8
Table 2

TOC and mineral compositions for the Longmaxi shale samples in the Weirong block, Sichuan Basin.

Samples Depth (m) TOC (wt.%) Clay (%) Quartz (%) Feldspar (%) Calcite (%) Dolomite (%) Pyrite (%) Siderite (%) Anhydrite (%)
1 3815.85 2.33 51 34 4 2 3 4 1 1
2 3827.69 2.33 34 29 2 16 16 2 1 0
3 3830 3.36 43 30 2 9 12 3 1 0
4 38324 3.74 39 37 2 8 10 3 1 0
5 3836.72 3.58 48 31 2 3 9 5 1 1
6 3837.82 3.03 42 42 3 2 5 4 1 1
7 3839.17 1.70 48 35 6 3 3 5 0 0
8 3840.96 1.71 41 28 4 6 17 2 1 1
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Fig. 5. Differential distribution of (a) pore volumes and (b) pore surface areas for the Longmaxi shale samples in the Weirong block, Sichuan Basin.
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Fig. 6. Adsorption isotherms at 383.15 K for the Longmaxi shale samples in the Weirong block, Sichuan Basin. (a) Fitted excess adsorption isotherms using the SDR
model. The color circles represent measured data, and the dotted lines represent the fitting curves; (b) Absolute adsorption isotherms calculated by the SDR model.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

quartz proportion range between 28% and 37%, averaging 33.25%.
The carbonate contents range from 5%~32%, with an average of
15.50%. Feldspars and pyrites have low percentages with their
average contents both less than 5%. Combining the mineralogical
compositions and TOC contents, the lithofacies can be identified.
The Longmaxi shale samples are mainly organic-rich argillaceous,
argillaceous siliceous and siliceous argillaceous (Fig. 2).
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4.2. Pore structure characteristics

Based on the pore type classification of Loucks et al. (2012),
the pore types in the Longmaxi shale samples are mainly min-
eral matrix pores and organic pores. The common mineral ma-
trix pores in the shale samples are interparticle pores between
quartz grains, intraplatelet pores within clay aggregates, and in-
tercrystalline pores within pyrite frambodies. It was observed by
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Pore volumes and surface areas for the Longmaxi shale samples in the Weirong block, Sichuan Basin.

Sample Pore volume (cm?/g) Pore surface area (m?/g) Porosity (%) Average pore size (nm)

Micropore Mesopore Macropore Total Micropore Mesopore Macropore Total
1 0.011 0.022 0.003 0.036 19.552 7.272 0.044 26.868 9.76 5.34
2 0.011 0.018 0.003 0.032 20.598 5.922 0.052 26.573 741 4.81
3 0.013 0.024 0.004 0.041 23.695 7.855 0.063 31613 7.02 5.21
4 0.013 0.023 0.003 0.039 22.889 7.955 0.029 30.873 7.43 5.06
5 0.013 0.020 0.003 0.036 22.660 7.188 0.029 29.876 8.50 4.81
6 0.011 0.018 0.005 0.034 19.047 5.865 0.073 24.986 8.14 5.41
7 0.008 0.014 0.004 0.026 13.761 4.487 0.060 18.308 6.51 5.65
8 0.008 0.016 0.003 0.027 14.623 5.165 0.057 19.845 5.57 5.46
Average 0.011 0.019 0.004 0.034 19.603 6.464 0.051 26.118 7.54 522
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scanning electron microscope (SEM) that the interparticle pores
between quartz grains and the intercrystalline pores within pyrite
frambodies are generally macropores and mesopores. These pores
are generally triangular and irregular. In contrast, the intraplatelet
pores within clay aggregates are mainly mesopores and micro-
pores of slit-like shape (Fig. 3a-c). The organic pores are more
abundant than the mineral matrix pores since many mineral
matrix pores are filled with organic matter (Fig. 3d). The organic
pores are mainly near-circular and elliptical, and their size mainly
ranges from 5 nm to 150 nm, with micropores and mesopores are
most developed (Fig. 3e-i).

The results of porosity measurement show that the porosity
of Longmaxi shale formation is mainly in the range of 5.57%-
9.76%, with an average value of 7.54% (Table 3). According to the
IUPAC classification (Sing et al., 1985), the shape of the nitrogen
adsorption isotherms is type IV, and the hysteresis loops of the
isotherms are similar to H2 and H3 types, indicating the samples
are abundant with slit-like and ‘ink bottle’ pores (Fig. 4). The pore
size distributions of the Longmaxi shale samples show multi-
peak characteristics (Fig. 5). Pores in diameter of 0.6~1.2 nm are
most rich, followed by pores in diameter of 2.0~3.5 nm, which
shows that micropores (<2 nm) are most developed in the shale
samples, the second is mesopores (2~50 nm), and the last is
macropores (>50 nm). The average pore size is approximately
5.22 nm. The total pore volumes of the shale samples vary from
0.027 to 0.041 cm?/g, with an average of 0.034 cm3/g (Table 3).
Moreover, the average micropore, mesopore, and macropore vol-
umes are 0.011 cm?/g, 0.019 cm?/g, and 0.004 cm?>/g, respectively.
The pore volume of mesopores is the largest, micropores are
the second, and macropores are the smallest. The total specific
surface area of the shale samples ranges from 18.308 m?/g to
31.613 m?/g, with an average value of 26.118 m?/g. The micro-
pores, which have average specific surface area of 19.603 m?/g,
provide most of the surface areas of pores in shale. Followed are
mesopores and macropores, with average specific surface areas
of 6.464 m?/g and 0.051 m?/g, respectively.

4.3. Adsorbed gas, free gas and total gas contents

Based on the SDR model, the contents of adsorbed gas, free
gas, and total gas in shale reservoirs can be calculated using
Egs. (3)-(6) (Ambrose et al.,, 2012; Gasparik et al., 2014; San-
doval et al, 2018). As shown in Fig. 6, the measured excess
adsorption isotherms of eight shale samples are fitted well with
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samples in the Weirong block, Sichuan Basin.

the SDR model. The excess and absolute adsorption isotherms
show different shapes for all samples. The excess adsorbed gas
content increases with pressure and then reduces with pressure
increasing after reaching the maximum at 16~18 MPa. At the
same time, the absolute adsorbed gas amount rapidly increases
and then slowly increases with pressure. Under experimental
conditions, the free parameters (ng, D, and p,q) in Eq. (2) were
obtained. Research shows that the ng is positively related to
the TOC and negatively correlated with temperature (Pan et al.,
2016; Weniger et al., 2010; Tian et al., 2016), the p,q has a
negative relationship with temperature (Li et al., 2017; Rexer
et al,, 2013; Wei et al.,, 2019), and the D is generally regarded as
a constant (Rexer et al., 2014; White et al., 2005), with a value of
0.01059 mol?/k]? in this study. Because the methane isothermal
adsorption experiment was carried out only at the temperature
of 383.15 K, it is necessary to obtain the relationship between
No, pad, and temperature through literature research. At 383.15 K,
ng positively correlates with TOC (Fig. 7a). Pan et al. (2016) and
Wei et al. (2019) proposed that when TOC content is constant,
ng is positively correlated with the reciprocal of temperature and
increases linearly with the increase of the reciprocal of temper-
ature, with an average slope of 1142.95 (Fig. 7a). Based on the
above results, the ny can be obtained by TOC and temperature
(Eq. (7)), and the error is less than 10%. The relationship between
pad and temperature is referred to by Wei et al. (2019), combined
with the average value of p,g under 383.15 K in this study, and
the p,q can be obtained by temperature based on Eq. (8) with an
accuracy of about 85% (Fig. 7b).

Besides the above three parameters, other geological param-
eters, including T, P, ps, ¢, Sw and k, needed to be determined.
The drilling results showed that the present geothermal gradient
is 3.32 °C/100 m, and the fluid pressure coefficient, the ratio of
pore pressure to hydrostatic pressure, is approximately 1.94 in
the Weirong block. The ps and ¢ are obtained from experiments.
The S,, of the 25 shale samples from the Longmaxi Formation
was obtained by core analysis. The S,, has a negative correlation
with TOC, shown in Eq. (9) (Fig. 8). Then the situ S,, of eight
shale samples can be calculated, ranging from 31.9%-49.7%, with
an average of 40.8% (Table 4). Previous studies revealed that the
methane adsorption amount decreased with increasing S,, until
the critical moisture content (Merkel et al., 2016; Shabani et al.,
2018). Yang et al. (2017) found that the amount of adsorbed gas
of shale samples with water content at 75% relative humidity
(RH) (equivalent S, of 27%-67%) can be reduced by 39%-51%,
compared with that of dry shale. Whitelaw et al. (2019) proposed
that the adsorption capacity decreased by 27% after the shale
samples were equilibrated at 50% RH. Li et al. (2021b) also found
that 46%-72% of methane adsorption capacity of shale samples
at 95% RH were lost. Since the Longmaxi shale samples for the
methane adsorption experiment were dehydrated, the k,, is used
to reflect the effect of moisture on gas adsorption and correct the
adsorbed gas amount. Based on the high S,, characteristics of the
shale samples, the k,, of this study is determined as 50%, which
is consistent with that selected by Wei et al. (2019) in studying
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adsorption capacity of the Longmaxi shale.
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where nlF, nLF, n* and n;  are the excess adsorbed gas

amount, adsorbed gas amount, free gas amount and total gas
amount under geological conditions, respectively, m>/t rock;
ngOC'T is the maximum absolute adsorption amount under ge-
ological conditions, m3/t rock; pgd is the adsorbed gas density
under geological conditions, kg/m?; pT’P is the free gas density

free
under geological conditions which can be obtained from the

6909



M. Li, X. Pang, L. Xiong et al.

Energy Reports 8 (2022) 6901-6913

Table 4
Geological parameters and calculation results of adsorbed gas and free gas for the Longmaxi shale samples in the Weirong block, Sichuan Basin.
Samples P (MPa) T (K) o (%) ps(g/em3) S, (%)  Calculated Calculated Pfree Nab Nfree Notal Free gas
ny (m*/t) 0ad (kgim®)  (kg/m?) (m’/t) (mft) (m?/t) ratio (%)
381585  74.03 41984 976 252 442 2.53 265.03 24175 1.27 6.23 7.49 83
3827.69 7426 42023 741 251 442 2.53 264.86 241.94 1.26 4.48 5.74 78
3830 74.30 42031 7.02 252 35.2 3.09 264.82 241.96 1.54 476 6.30 75
3832.4 74.35 42039 743 249 31.9 3.30 264.79 242,01 1.65 5.44 7.09 77
3836.72 7443 42053 850 250 333 3.21 264.72 242.07 1.60 6.29 7.89 80
3837.82 7445 42057 814 249 38.1 2.91 264.70 242.09 1.45 5.59 7.04 79
3839.17 7448 42061 651 254 497 2.18 264.68 242.12 1.09 3.41 450 76
384096  74.51 42067 557 258 496 2.19 264.66 242.14 1.09 2.72 3.82 71
12 pressure is positively correlated with the content of adsorbed gas
and free gas. The effect of pressure on free gas is significantly
10 1 . reater than that on adsorbed gas (Fig. 9b). When the formation
g
& & temperature is 420 K, the proportion of free gas will increase
& by 0.25% on average if the pressure increases by 1 MPa. The
2 6 variation profiles of the content and proportion of shale gas in
@ . . .
2 different occurrence states with temperature and pressure during
e 4 burial are shown in Fig. 10. The analysis indicates that the content
and proportion of free gas and adsorbed gas change regularly
2 under the coupling effect of temperature and pressure. With the
increase of temperature and pressure, the adsorbed gas content
0

0 0.0050.010 0.0150.020 0.025 0.030 0.035 0.040 0.045
Total pore volume (cm’/g)

Fig. 15. The negative correlation between the proportion of mesopore volume
and proportion of micropore specific surface area for the Longmaxi shale
samples.

MIST website, kg/m?; pfiv is the free gas density at standard

temperature and pressure (273.15 K and 0.1 MPa), kg/m?; ps
is the grain density of the Longmaxi shale, g/cm?; k, is the
correction coefficient of adsorbed gas amount; generally the value
of 50%; ¢ is the bulk porosity of the Longmaxi shale, %; S, is the
water saturation of the Longmaxi shale, %.

The geological parameters and the calculated gas contents are
listed in Table 4. The adsorbed gas contents of the Longmaxi shale
samples are 1.09~1.65 m?3/t rock, with an average of 1.37 m’/t
rock. The free gas contents are in the range of 2.72~6.29 m3/t
rock, with an average of 4.86 m3/t rock. The total gas contents
vary from 3.82 m3/t rock to 7.89 m?/t rock, with an average of
6.23 m3/t rock. The ratios of free gas to total gas contents range
from 71% to 83%, averaging a value of 77%.

5. Discussion
5.1. Influence of temperature and pressure on shale gas occurrence

Previous studies have shown that temperature and pressure
are the two crucial influencing factors of shale gas occurrence
state and content (Han et al., 2021; Hao et al., 2013; Miao et al.,,
2022; Wang et al., 2021). Temperature and pressure are insep-
arable, and they will affect shale gas content simultaneously
during burial. This study focuses on the effect of temperature,
pressure, and their coupling on shale gas occurrence by control
variable experimental groups I-III (Table 1). The results show
that temperature is negatively correlated with the contents of
adsorbed gas and free gas (Fig. 9a). The effect of temperature
on adsorbed gas content is more significant than that on free
gas content. Thus, when the formation pressure is 72 MPa, the
proportion of free gas relatively increases gradually with the
increase of temperature, approximately by 0.03% on average for
each increase of 1 K temperature. Different from the temperature,

decreases gradually. The free gas shows the opposite trend with
a greater range, resulting in a rise in total gas content. Above all,
pressure takes a larger effect on the occurrence state of shale gas
than temperature. Therefore, the high-pressure conditions of the
Longmaxi Formation are very conducive to the storage of free gas,
resulting in the proportion of free gas in shale gas being much
higher than that of adsorbed gas.

5.2. Influence of TOC on shale gas occurrence

Experimental group IV focused on the relationships of TOC
contents and shale gas contents (Table 1). The results showed
that TOC plays a positive role in the increase of adsorbed gas,
free gas and total gas content (Fig. 11a). However, the content of
free gas increases slower than the adsorbed gas content, causing
the proportion of the free gas decreased with the increase of TOC
(Fig. 11b). When the formation temperature and pressure are 420
K and 72 MPa, respectively, the proportion of free gas decreases
by 1.2% on average for each increase of 1 wt% TOC. Therefore,
the increase of organic matter content is conducive to promote
the transformation of free gas to adsorbed gas. However, the TOC
values of the Longmaxi shale mainly range from 1.70 wt% to
3.74 wt%, the content of organic matter is not enough to make
the proportion of adsorbed gas exceed that of free gas.

The pore structure of organic matter of the Longmaxi shale de-
termines that organic matter has a strong adsorption capacity for
shale gas (Zhang et al.,, 2018). Micropores are mainly developed
in the organic matter in the high-over mature stage (Qiu et al.,
2021). In addition, TOC content has the best correlation with pore
volume and specific surface area of micropores (Fig. 12). There
are no apparent relationships between the TOC content and the
pore volume and the specific surface area of macropores (Fig. 11).
It indicates that micropores are primarily developed in organic
matter, followed by mesopores. Organic matter is not the main
contributor to the macropores. As discussed above, the adsorption
capacity of micropores for shale gas is greater than that of meso-
pores and macropores. A large number of micropores in organic
matter provide the site for adsorbed gas. Thus, the more abundant
organic matter, the more development of micropores, and the
larger proportion of adsorbed gas.
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Fig. 16. Effect of porosity on adsorbed gas, free gas and total gas content (a); Effect of porosity on the proportion of adsorbed gas and free gas (b). The temperature
and pressure corresponding to the middle depth of Longmaxi Formation is 420 K and 72 MPa, respectively.

5.3. Effect of pore structure on shale gas occurrence

The pores provide the primary space for shale gas storage in
the shale reservoirs. Researches show that the pore structure can
play an important role in shale gas occurrence state (Bakshi et al.,
2018; He et al., 2018, 2019; Ross and Bustin, 2009; Slatt and
O'Brien, 2011; Wang et al., 2016; Yang et al., 2016b; Zhu et al,,
2018). This study discusses the influence of pore volume and spe-
cific surface area on the relative content of free gas and adsorbed
gas. The adsorbed gas content has positive relationships with the
specific surface area of micropores and mesopores (Fig. 13a-b).
In contrast, the free gas content is positively correlated with the
pore volume of micropores and mesopores (Fig. 13c-d), which
agrees with the research results by Jiang et al. (2016). Thus the
specific surface area of micropores and mesopores can affect the
adsorbed gas content, and the free gas content is controlled by the
pore volume of micropores and mesopores. As mentioned earlier,
the specific surface areas of micropores account for approxi-
mately 75.1%. The proportions of the pore volumes of micropores
and mesopores are 32.9% and 56.9%. It can be seen that the
micropores have primary control on the adsorbed gas content,
whereas both mesopores and micropores significantly control the
free gas content.

Based on molecular mechanics, van der Waals force interac-
tion exists between methane molecules, the main component of
shale gas, and molecules of organic matter and minerals develop-
ing pores (Chalmers and Bustin, 2008). There is a distance limit
between methane molecules and pore surfaces. Within the dis-
tance, methane molecules are adsorbed by van der Waals force.
Beyond the distance, methane molecules are free without the
action of van der Waals force. Thus, the adsorbed gas stores on the
pore surface, and the free gas occupies the pore center (Fu et al.,
2021; Li et al.,, 2020a; Qu et al., 2020; Xu and Prodanovi¢, 2018).
Especially, there is only adsorbed gas in the very tiny pores, while
both adsorbed gas and free gas exist in the large pores (Chen et al.,
2019b). It can be deduced that the proportion of adsorbed gas
is absolutely dominant in tiny pores, and the proportion of free
gas increases gradually with the enlargement of pores. Previous
studies show that the critical pore size for free gas occurrence
is approximately 1.8 nm (Chen et al., 2019b; Li et al,, 2018a). It
can be seen that the combination of mesopores and micropores
determines the relative content of free gas and adsorbed gas to a
certain extent. Free gas will account for a higher proportion when
mesopores are much developed.

As can be seen from the above, mesopores are the main
contributor to the total pore volume of the Longmaxi shale,
followed by micropores. Further analysis shows a good positive
correlation between the proportion of mesopore volume and
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the total pore volume (Fig. 14a). In contrast, the proportion of
micropore specific surface area is inversely proportional to the
proportion of mesopore volume (Fig. 14b). It can be inferred that
with the increase of total pore volume, the proportion of meso-
pore volume generally increases, and the proportion of micropore
specific surface area usually decreases. Above all, the total pore
volume can reflect the relative development of micropores and
mesopores. The mesopores of shale with large pore volume are
more developed, and the development of micropores is relatively
poor. Moreover, porosity is a parameter reflecting pore volume
(Fig. 15). Porosity can also reveal the combination characteristics
of micropores and mesopores in the Longmaxi shale to a cer-
tain extent. Thus, it can be deduced that high porosity indicates
high pore volume of mesopores and much developed mesopores.
The experimental group V studied the effect of porosity on the
occurrence state of shale gas (Table 1). The results showed that
the porosity change has little effect on the adsorbed gas content
but dramatically effects the free gas content (Fig. 16a). With the
increase of porosity, the proportion of free gas increases grad-
ually, and the proportion of adsorbed gas decreases accordingly
(Fig. 16b), which agrees with the findings of Chalmers and Bustin
(2008) and Li et al. (2020b). When the porosity is greater than
3.3%, the proportion of free gas exceeds that of adsorbed gas;
When the porosity is less than 3.3%, the opposite is true. Since
the average porosity of Longmaxi shale reaches 7.54%, free gas is
more enriched than adsorbed gas.

6. Conclusions

The Longmaxi shale in the Weirong block is deeply buried
and high-over mature, mainly producing dry gas. Shale gas is
primarily stored in micro and nanopores of shale in the form of
free gas and adsorbed gas, of which free gas accounts for as much
as 80%.

High pressure and large pore volume are the major factors
causing a high proportion of free gas in the Longmaxi Formation.
High pressure is beneficial to shale gas storage, and the positive
influence on free gas is greater than that on adsorbed gas. The
mesopores with absolute dominant pore volume are the primary
place for free gas storage. The porosity of the Longmaxi shale
is in the range of 5.57%-9.76%, with an average value of 7.54%,
showing the extensive development of mesopores that provide
sufficient storage space for free gas.

The study of shale gas occurrence characteristics of the Long-
maxi Formation in the Weiyuan area provides theoretical guid-
ance for predicting shale gas favorable areas in this area. Selecting
the area with relatively high formation pressure and relatively
high porosity as the important target of shale gas exploration
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in the Longmaxi Formation is suggested. At the same time, this
study also lays a foundation for the study of shale gas occurrence
characteristics in other regions at home and abroad.
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