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ABSTRACT

Methane adsorption is a critical assessment of the gas storage capacity (GSC) of shales with geological
conditions. Although the related research of marine shales has been well-illustrated, the methane
adsorption of marine-continental transitional (MCT) shales is still ambiguous. In this study, a method of
combining experimental data with analytical models was used to investigate the methane adsorption
characteristics and GSC of MCT shales collected from the Qinshui Basin, China. The Ono-Kondo model
was used to fit the adsorption data to obtain the adsorption parameters. Subsequently, the geological
model of GSC based on pore evolution was constructed using a representative shale sample with a total
organic carbon (TOC) content of 1.71%, and the effects of reservoir pressure coefficient and water satu-
ration on GSC were explored. In experimental results, compared to the composition of the MCT shale, the
pore structure dominates the methane adsorption, and meanwhile, the maturity mainly governs the pore
structure. Besides, maturity in the middle-eastern region of the Qinshui Basin shows a strong positive
correlation with burial depth. The two parameters, micropore pore volume and non-micropore surface
area, induce a good fit for the adsorption capacity data of the shale. In simulation results, the depth,
pressure coefficient, and water saturation of the shale all affect the GSC. It demonstrates a promising
shale gas potential of the MCT shale in a deeper block, especially with low water saturation. Specifically,
the economic feasibility of shale gas could be a major consideration for the shale with a depth of <800 m
and/or water saturation >60% in the Yushe-Wuxiang area. This study provides a valuable reference for
the reservoir evaluation and favorable block search of MCT shale gas.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. 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

Natural gas, a transitional energy resource, demonstrates a
crucial role in global carbon reduction, while its consumption and
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supply should be balanced necessarily. Shale gas is a type of un-
conventional natural gas and has been highly valued and
commercially developed based on its enormous resource potential
and low-carbon nature (Abdollahi et al., 2022; EIA, 2022). After the
commercial development of marine shale gas, the exploration of
marine-continental transitional (MCT) shale gas has received
further attention in China in recent years (Dong et al., 2021). MCT
shales and marine shales significantly differ in their composition
and geological conditions. The former is characterized by type III-
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IIb organic matter (OM) and rich clay minerals (Lu et al., 2023a),
while the latter has type I-1la OM, a high content of brittle minerals
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(quartz and carbonate), and a low content of clay. The methane
adsorption of shale is mainly related to the type and maturity of
OM, and is also influenced to some extent by clays (Chalmers and
Bustin, 2008; Gao et al., 2022; Feng et al., 2023a, 2023b; Lu et al,,
2023b). Besides, the MCT shale is much shallower in depth and
has lower reservoir pressure than the marine shale in China (Guo
et al, 2021). These characteristics of MCT shale will affect its
methane adsorption capacity (MAC) and GSC model.

Conventionally, the MAC of a shale can be characterized by a
correlation model between the shale composition and high-
pressure methane adsorption (HPMA) data (Ji et al., 2015; Yang
et al, 2015; Jiang et al, 2022). In such kind of models, the
composition is mainly chosen as the contents of total organic car-
bon (TOC) and clays. However, the models only capture limited
characteristic parameters of shales and lack quantitative charac-
terization of information such as OM type and maturity, which
leads to poor generalization ability of the models.

The geological model of GSC is an essential basis for shale gas
evaluation, and it can conclude the capacities of total gas, adsorbed
gas, and free gas (Gasparik et al., 2014; Hu and Mischo, 2020). In
constructing a geological GSC model, the description of adsorbed
gas models is the most important task. Currently, the methane
adsorption models have been widely established. Specifically, the
Langmuir model characterizes layer adsorption (Ji et al., 2015; Dang
etal., 2017); the SDR (supercritical Dubinin-Radushkevich) and SDA
(supercritical Dubinin-Astakhov) models are based on adsorption
potential and micropore filling (Sakurovs et al., 2007); the SLD
(simplified local density) model is based on gas-solid potential
energy (Jiang et al., 2018); and the Ono-Kondo model considers
adsorption sites (Zhou et al., 2017a; Hu et al., 2021). Furthermore,
modified models (Song et al., 2018; Ren et al., 2022) and composite
models (Zhou et al., 2017b; Liu et al., 2022a,b) are also proposed,
where the modified models are based on the modification of a
single model and the composite models are the combination of two
single models. However, the composite models are assumed to
have two mechanisms of single-layer adsorption and micropore
filling coexisting, and this also means more unknown parameters
and the potential for computational ambiguity when fitting finite
HPMA data (Zhou et al., 2017b). Although fewer parameters need to
be fitted for single models, making them more suitable for calcu-
lation, the result is sometimes unreasonable. For example, the
Langmuir model often produces anomalous results of adsorbed
phase density greater than the liquid methane boiling point density
(Tian et al., 2016). The SDR model normally does not follow the
Henry's law at low pressure, and the current application of the SDR
model to fit variable-temperature adsorption experiment data
needs to assume a constant value for parameter D (affinity coeffi-
cient). However, D is a thermodynamic parameter related to tem-
perature (Okolo et al., 2019), thus a constant D value cannot
accurately predict the methane adsorption under variable-
temperature conditions (Pan et al., 2016; Li et al., 2017). The iter-
ative integration in the SLD model dramatically increases the
computation complexity (Clarkson and Haghshenas, 2016). As for
the Ono-Kondo model, there are no assumptions on the adsorption
mechanism, and, the adsorption parameters can be fitted from
simple calculation. This advantage of Ono-Kondo model has
recently attracted great attention in practical applications (Zhou
et al,, 2017a; Hu and Mischo, 2020).

The GSC model of a shale is assessed by the extrapolation from
variable-temperature HPMA experiment data of limited samples.
However, it only considers the GSC of the shale with the same
maturity and porosity conditions at different depths, and is more
suitable for marine shale reservoirs in southern China, such as the
Waufeng-Longmaxi formations whose maturity has no correlation
with the current burial depth, with an EqRo (equivalent vitrinite
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reflectance) range of 2.5—3.0% (Xiao et al., 2015; Wang et al., 2019).
The GSC model constructed based on the above conditions shows
that the free gas increases with increasing depth. The maturity of
MCT shale varies greatly in the Qinshui Basin of China (Su et al.,
2005; Hou, 2020; Lu et al., 2023a), and the current depth signifi-
cantly controls the maturity in the central and eastern parts of the
basin (Yin and Guo, 2019; Zhang et al., 2019), thereby affecting the
reservoir properties of the shale. In addition, under the influence of
in-situ stress, shale pores also decrease with depth, thereby
reducing the free gas (Miao et al., 2022). Wang et al. (2013) and
Cander (2012) have mentioned the effect of shale porosity on GSC
with depth, but no further research has been conducted on the GSC
models.

The present study proposes a combined experimental and
simulation method to investigate the methane adsorption charac-
teristics and GSC model of MCT shale in the Qinshui Basin, China.
The HPMA experiments under different temperature and water
conditions are conducted on collected MCT shale samples. The Ono-
kondo model is used to fit the experiment data to obtain the
adsorption parameters, and a geological GSC model of the shale is
established considering the joint constraints of maturity and depth
on the shale pores, with the analysis of the influence of reservoir
pressure coefficients and water saturation on the geological model.
The purpose of this work is to provide a guide to the evaluation and
exploration of MCT shale gas in the Qinshui Basin.

2. Material and methods
2.1. Basic information of samples

This study collected nine MCT shale samples from the Taiyuan
Formation and Shanxi Formation in the Qingshui Basin of China.
These samples represent a series of samples across a maturity range
from middle to over-mature stages (R, 1.25-3.90%). The
geological overview of the Qingshui Basin, sedimentary character-
istics of the Shanxi-Taiyuan formations, and basic information
about the studied samples were described in a previous publication
(Lu et al., 2023a). Table 1 lists some experimental data that are
directly relevant to this study, including R,, TOC content, mineral
composition, micropore volume, and non-micropore specific sur-
face area. In this study, the total porosity of the shale samples was
also measured using the method suggested by Chalmers et al.
(2012).

2.2. The high-pressure methane adsorption

The HPMA experiments were performed using an ISOSORP-HP
Static II instrument. All samples were conducted at an experi-
mental temperature of 313.15 K and a pressure range of 0—24 MPa.
The detailed experimental procedures were described in the ref-
erences (Xin et al., 2021).

The TOC content of MCT shales in the Qinshui Basin is generally
low, with a main range of 1—2% for the shale samples from the
Yushe-Wuxiang area (Zhang et al., 2019). Therefore, this study
selected the sample S7 (TOC = 1.71%) for additional methane
adsorption experiments at three different temperatures (303.15 K,
333.15 K and 363.15 K) to construct a geological model of GSC
variation with depth. In addition, equilibrium water experiments
were conducted on S7 (detailed steps can be found in Yang et al.
(2016)), and the sample with different water contents was ob-
tained for HPMA experiments (313.15 K) to investigate the effect of
water on the geological GSC model. The water content of the
sample can be used to calculate the water saturation with Eq. (1).
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Table 1
Basic experimental data of MCT shale samples.
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Samples Depth, m Ro*, % TOC*, % Clays*, % Snon™, M?/g Vinic*, cm>/100 g Viota®, cm>/100 g Apparent density, g/cm? Porosity, %
S1 835.74 1.25 2.24 82.80 3.41 3.41 1.63 2.67 3.08
S2 715.69 1.65 3.62 75.75 2.14 2.14 1.25 248 2.55
S3 750.42 2.07 4.09 76.44 143 143 1.14 2.57 2.21
S4 1100.50 2.45 0.81 66.36 2.84 2.84 1.85 2.68 3.39
S5 1770.90 2.65 1.86 74.29 2.79 2.79 144 2.61 4.15
S6 1738.56 2.75 5.56 89.91 7.78 7.78 3.65 2.40 8.42
S7 1804.60 3.09 1.71 83.15 423 4.23 1.96 2.56 5.56
S8 300.00 3.61 3.20 81.31 4.51 451 2.46 2.48 6.72
S9 320.00 3.90 1.32 71.84 5.45 5.45 2.83 2.66 6.73

Notes: * Data is from Lu et al. (2023a). Spon is non-micropore specific surface area, Vpc is micropore volume, and Viota is the sum of micropore and non-micropore volume.

_ W/pw
Por/papparent

(1)

A

where, W is water content, w. t.%; py is the density of water; S,y is
water saturation; Por is porosity, %; papparent is the apparent density
of shale.

The MAC of a sample obtained from the adsorption experiment
is the excess adsorption amount, and its absolute MAC can be
converted by the Gibbs model:

ne:na.( _P_g)
Pad

where, ne and n, are excess and absolute MAC, respectively, cm?/g;
pg and p,q are bulk phase and adsorbed phase densities, respec-
tively, g/cm’>.

The adsorption experiment data was fitted using the Ono-Kondo
model, which has been detailed in the references (Zhou et al.,
2017a; Hu and Mischo, 2020), and its equation is given in Eq. (3).

(2)

"0Pg(1 B e"%)
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_glad kT
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(3)

where, ng is the maximum MAC, cm?/g; ¢ is the potential energy (J)
associated with the interaction between CH4 and adsorbent. k is the
Boltzmann constant, and T is the absolute temperature.

2.3. Thermodynamics of adsorption

Adsorption thermodynamics can be used to determine the type
of adsorption and indirectly reflect the adsorption force of the
adsorbent on the adsorbate. The thermodynamic parameters
include adsorption enthalpy (AH) and molar adsorption entropy
(AS%), which are used to describe the pressure-temperature rela-
tionship at an absolute adsorption constant. This relationship (Eq.
(4)) can be derived from Tian et al. (2016).

In L
Py

where, 4H is the adsorption enthalpy (kJ/mol), whose magnitude is

equal to the equivalent adsorption heat (Qst, AH = —Qxt); AS? is the

standard entropy of adsorption (J-mol~! K ~1); Py = 0.1 MPa; R is
the ideal gas constant and T is the temperature (K).

_AH AS°

L, RT R 4)

2.4. GSC estimation under geological conditions

Due to the extremely low gas solubility of methane in water, the
total gas basically includes only adsorbed gas and free gas. Ac-
cording to Pan et al. (2016), the GSC model under geological
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conditions can be expressed by Eq. (5—7). It should be pointed out
that this model describes the maximum reservoir capacity under
limited geological conditions.

Por-(1—Sw) PH

H H w g

Miotal =Me +—————"—57p )

Papparent  Pg

TlH: ng'pg (6)
o pH—pll
H H H

Nfree =NMtotal ~ Ma (7)

where, nfla;, nif and nfle. are the total storage capacity, adsorbed gas
capacity and free gas capacity at H depth, cm?/g, respectively; p¥, pg’
and p3™ are the adsorbed phase density, free phase density and
density at standard conditions at H depth, g/cm?, respectively. Free
phase density is from the NIST (national institute of standards and
technology) database (Lemmon et al., 2022). nf and pHl are calcu-
lated based on variable-temperature adsorption experiment data.

3. Results
3.1. Adsorption isotherms and data fitting

The HPMA results of MCT shale samples at 313.15 K and the
adsorption isotherm curves fitted by the Ono-kondo model are
shown in Fig. 1a. The model has a perfect fit to the measured data,
with the fitting coefficient (R*) of >0.99 (Table 1). The excess
adsorption amount first increases rapidly with increasing pressure,
reaching a maximum at about 8 MPa (0.83—2.99 cm®/g), and then
starts to decrease with a further increase of pressure. The absolute
adsorption curves are shown in Fig. 1b. They rise with increasing
pressure. The fitted parameters of the Ono-kondo model are sum-
marized in Table 2. The maximum MAC of the nine samples is be-
tween 1.62 cm’/g and 4.06 cm’®/g, with an average of 2.35 cm’/g. e/k
ranges from —708.69 to —1179.35 K, with an average of —917.72 K.
pad varies from 0.21 to 0.37 g/cm?, with an average of 0.26 g/cm’.

The shapes of the excess adsorption isotherms of the sample S7
at different temperatures and water saturation conditions are very
similar (Fig. 2). Under dry conditions, the maximum n. decreases
from 1.57 cm?/g to 0.98 cm?/g as the temperature increases from
303.15 K to 363.15 K (Table 3 and Fig. 3a). Accordingly, ng reduces
from 2.36 cm?/g to 1.55 cm>/g ey/k distributes between —992.34 K
and —957.96 K, with an average of —976.62 K. ¢ is the potential
energy of CH4 molecules interacting with the shale pore surface. It
is related to the surface properties and temperature (Sudibandriyo
et al., 2010).

Under the moist conditions of the sample S7, as the S,, increases
from 0 to 53.96%, the ng and maximum n, all decrease significantly,
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Fig. 1. Methane excess adsorption data and their fitted curves (a) and methane absolute adsorption curves from the Ono-Kondo model (b) for the MCT shale samples at 313.15 K.

Table 2

Fitting parameters from Ono-Kondo model (313.15 K).
Samples N2max, CM>/g Plemax, MPa ng, cm>/g ek, K Pad, glcm® R? MAE¢
S1 117 6 2.04 —779.98 0.216 0.99 0.025
S2 1.10 6 1.78 —896.68 0.217 0.99 0.001
S3 1.02 6 1.89 —943.66 0.255 0.99 0.014
S4 0.83 8 1.62 —708.69 0.206 0.99 0.004
S5 1.30 7 213 —845.24 0.247 0.99 0.033
S6 2.99 7 4.06 —1179.35 0.368 0.99 0.026
S7 1.47 6 2.23 —983.05 0.285 0.99 0.002
S8 2.10 6 2.97 —1056.71 0.314 0.99 0.036
S9 1.47 7 244 —856.84 0.251 0.99 0.013

Note: a: maximum excess MAC; b: pressure corresponding to nemax. ¢: maximum MAC. d: mean absolute error.

from 2.23 cm?/g to 0.99 cm?/g and from 1.47 cm®/g to 0.60 cm’/g,
respectively (Table 3 and Fig. 3b). This is due to the occupation of
adsorption sites in the pores by water and the formation of water
clusters through hydrogen bonding to block the pores (Gasparik
et al,, 2012).

3.2. Adsorbed phase density and adsorption space

Methane adsorption phase density is one of the basic parame-
ters of the isothermal adsorption model of shales and can be ob-
tained by fitting experimental data. It is strongly influenced by the
temperature and adsorbent-adsorbate interaction. The liquid den-
sity is usually considered as the maximum adsorption phase den-
sity, and the critical density is the minimum (Do and Do, 2003;
Rexer et al., 2013). As seen from the adsorbed phase densities
(paq) of the studied samples derived from the ono-kondo model in
Tables 2 and 3, they are reasonable, between the critical density and
the boiling point liquid density (Fig. 4), without abnormally high
values reported (Gasparik et al., 2012; Tian et al., 2016). At the same
temperature conditions, p,g shows a positive correlation with TOC
contents (Fig. 4a). For the relevant results of the variable-
temperature experiment of S7, p,q decreases with increasing tem-
perature, and they show a negative linear correlation (Fig. 4b).

Except for the sample S6 (high TOC), the adsorbed phase volume
(Vaq) calculated from the maximum absolute MAC and p, of other
samples is slightly larger than the micropore pore volume (Vp;c)
(Fig. 5). At the same time, the diameter of CO, molecules is smaller
than that of CH4, hence the accessible space of Vi, obtained from
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the analysis of low-pressure CO, adsorption experiment should
also be larger than the actual methane adsorption space in micro-
pores. This indicates the existence of micropore filling and non-
micropore surface adsorption of methane in shale pores, where
the V,q can only take up a portion of the total pore volume and most
of the unexploited space in larger pores is filled with free methane,
which is consistent with the results of Zhou et al. (2018) for the
Longmaxi shale and Wei et al. (2021) for the Shuijingtuo shale.

3.3. Adsorption thermodynamic parameters

Based on Eq. (4), the thermodynamic parameters of S7 were
calculated for the selected four different absolute methane
adsorption amounts. As shown in Fig. 6a and Table 4, Qs ranges
from 17.66—24.38 (mean 20.98) k]/mol. Since the adsorption heat
of chemisorption is 40—600 kJ/mol (Chen et al, 2019), this
adsorption on shale is physical sorption. AS® reflects the activity of
the adsorbent and the behavioral characteristics of the adsorbent-
adsorbate interaction (Xia et al., 2008). AS? for S7 ranges
from —76.85 to —104.43 (mean —90.93) J-mol~! K~ The MCT shale
in this study has a cast point in Fig. 6b between type IIl kerogen and
clays, with a slightly larger Qs; and smaller AS® compared to the
marine shale reported in the literature (Gasparik et al., 2014; Rexer
et al., 2014; Chen et al., 2019; Hu and Mischo, 2020), showing a
comparable methane adsorption performance with them.
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Fig. 2. Methane excess adsorption data and their fitted curves (a) and absolute adsorption curves (b) of the sample S7 at different temperatures (303.15 K, 313.15 K, 333.15 K, and
363.15 K). Methane excess adsorption data and their fitted curves (c) and absolute adsorption curves (d) of the sample S7 at different water saturation (0, 22.51%, 39.64% and 53.96%)

at 31315 K.

Table 3

Absorption parameters of S7 from the Ono-Kondo model at different temperature and water saturation conditions (the parameters are the same as those shown in Table 1).
Temperature, K Saturation, % Nemax, CM/g Premax, MPa no, cm’/g ek, K Pad> glcm® R? MAE¢
303.15 0 1.57 7 2.36 —992.34 0.300 0.99 0.003
313.15 0 147 6 223 —983.05 0.285 0.99 0.002
333.15 0 1.22 7 2.00 -973.11 0.248 0.99 0.001
363.15 0 0.98 7 1.55 —957.96 0.206 0.99 0.002
313.15 22.51 0.86 7 1.34 —946.33 0.269 0.99 0.003
313.15 39.64 0.64 7 1.05 —895.14 0.231 0.99 0.003
313.15 53.96 0.60 6 0.99 —888.81 0.204 0.99 0.002

4. Discussion
4.1. Influencing factors of maximum methane adsorption capacity

The maximum MAC of a shale is influenced by its TOC and clay
mineral contents, organic matter type, maturity, pore structure,
temperature and pressure. Among them, temperature and pressure
can be simulated by setting experimental conditions, while these
shale characteristic parameters affect each other. The TOC content
primarily affects methane adsorption, which is the consensus of
several studies (Gasparik et al., 2014). As shown in Fig. 7a, the
maximum MAC of the samples in this study is also positively
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correlated with TOC content (r = 0.63). Maturity affects the
development of OM pores (Chen and Xiao, 2014; Lu et al., 2023a),
then affects sorption, with enhanced methane adsorption for
samples with a similar TOC content as maturity increases.
Compared with marine shales, the maximum MAC of the MCT
samples is slightly lower under the conditions of the same TOC
content and a comparable maturity. The methane adsorption ca-
pacity normalized to TOC for the studied samples across their
maturity range also shows a positive synergistic relationship with
R, (Fig. 7b). In organic-rich shales, the contribution of clays to the
shale MAC is small (Gasparik et al., 2014; Yang et al., 2015), which is
because the adsorption of clay minerals is insignificant compared to
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Fig. 5. Comparison of the V.4 and Vp,;, and non-micropore volume (V;,0,) of the MCT
shale samples.

that of kerogens (Ji et al., 2012; Zhang et al., 2012) (Fig. 7a).
Although the total clays and the MAC in the studied samples show a
certain degree of positive correlation (Fig. 7c), this is mainly due to
the covariance between TOC and total clays in the MCT shale (Lu
et al., 2023a). Therefore, this correlation is only a numerical, and
not a causal one.

As shown in Fig. 7a, for samples with a similar TOC content, the
higher the maturity, the greater the maximum MAC. Even for the
same composition and maturity, the pore structure of different
samples is also obviously variable. Furthermore, the TOC content
covers different macerals, and the results of previous studies (Yang
et al., 2019; Petersen et al., 2020) showed that the contribution of
different macerals in adsorption varies greatly. Therefore, the pre-
diction of maximum MAC from the shale composition is limited to
specific shales with similar geochemical properties, and lacks
generalizability.

In order to develop the MAC prediction model for the MCT shale
of this study, the main factors affecting the shale adsorption per-
formance need to be further discussed. These factors can be clas-
sified into two major categories. One is the shale property
parameters, including TOC, clays, OM type and maturity, and
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Table 4

Thermodynamic parameters of sample S7.
Absolute adsorption (cm/g, STP) Qs¢ (kJ/mol) AS® (J-mol T K1) Fitting line R?
0.8 17.66 —76.85 y=-212342x + 9.24 0.99
1.0 20.06 —87.64 y =-2413.18x + 10.54 0.99
11 21.83 —94.80 y = —2625.40x + 11.40 0.99
1.2 24.38 —104.43 y=-2932.13x + 12.56 0.99

another is the shale pore properties, i.e., nanopore structure pa-
rameters. In case the methane adsorption of shales assumes
micropore volume filling and non-micropore surface adsorption
(Do and Do, 2003; Zhou et al., 2017b; Sun et al., 2022), Vinic and Spon
were chosen as the parameters of nanopore structure expression.
The grey relational analysis (GRA) method as suggested by Azzeh
et al. (2010) was used to analyze the influence degree of each fac-
tor on the MAC. Since all the samples in this study are type III
kerogen, the subsequences of GRA are TOC content, clays content,
maturity, Viic and Spon, and MAC is the parent sequence. As shown
in the ranking results (Table 5), the two pore structure parameters
of the shale are more critical to MAC than its compositional prop-
erties. Thus, Vpic and Spon Were used to build a multiple regression
model of MAC (Eq. (8)). The evaluation results are shown in Table 6.
The low values of mean absolute error, mean square error and root
mean square error implicate a high accuracy of MAC prediction
results.

MAC =4.36335 x Vppic + 0.01845 x Spon, R2 = 0.98 (8)

4.2. Geological model of methane storage capacity

In order to build a geological model for predicting the methane
content of MCT shales in the Qinshui Basin, the effects arising from
the actual geological conditions should be considered. For this ba-
sin, using depth as the independent variable for the variety of
geological conditions, the dependent variables mainly include the
variation of temperature and pressure with depth and the variation
of pore structure due to the variation of maturity with depth. The
effects of temperature and pressure on shale adsorbed and free gas
capacities can be linked through HPMA and free phase density,
respectively (by Eq. (5—7)). Furthermore, the depth constraint on
the pore structure can be achieved using the relationship between
the depth and maturity in this study area.

The Qinshui Basin was formed in the middle Jurassic, and the
Yanshanian tectonic thermal event from the late Jurassic to the end
of the Cretaceous caused a substantial increase in the maturity of
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the Carboniferous-Permian MCT shales and massive methane
generation (Su et al., 2005), but there is variability in different
areas. In the southern part of the basin, there is a magmatic
intrusion, leading to an unusual distribution of maturity (Li et al.,
2006), while in the central and eastern part of the basin, along
the Yushe-Wuxiang, the distribution of maturity and current depth
show synergistic changes (Fig. 8a). Based on the data on the
maturity and depth of MCT shales in this region (Yin and Guo, 2019;
Zhang et al., 2019), a correlation plot of R, versus depth is con-
structed (Fig. 8b, r = 0.89).

The results of Lu et al. (2023a) were used to correlate the pore
structure of OM with R, for the MCT shale in the Qinshui Basin. The
evolution of porosity with the effect of buried stress was modeled
using data derived from Miao et al. (2022) (Appendix for detailed
calculations). Further, it was assumed that the composition and
apparent density of the shale were constant, the pressure coeffi-
cient was 1, and the water saturation was 30%. Combining the above
settings with the variable-temperature methane adsorption pa-
rameters under the dry conditions and the porosity and nanopore
structure parameters of S7, the GSC based on the evolution of pore
space (porosity and pore structure) with depth was calculated ac-
cording to Eq. (5)—8, and the corresponding geological GSC model
was established (subsequently referred to as the evolutive pore
model) (Fig. 9). This model also compares the GSC model for this
shale at the fixed porosity and pore structure parameters (subse-
quently referred to as constant pore model) conditions. For the
evolutive pore model, the MAC increases rapidly with increasing
depth, reaching a maximum at around 800 m, and then decreases
slowly; the free gas and total gas capacities arise with increasing
depth and go down slightly after >2800 m. The adsorbed gas ca-
pacity dominates at depths <1750 m, while the free gas capacity
dominates at depths >1750 m. This shows some differences with
the constant pore model. The GSC of the two models is essentially
the same at about 1800 m. This is because this depth is essentially
the actual depth of the study sample (S7), and both models have the
same porosity and pore structure. However, at depth <1800 m, the
total GSC based on the evolutive pore model is lower than that of
the constant pore model, while at depth >1800 m, the former is
greater than the latter, which is because the developed OM pores in
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Table 5
Grey relational degree of MAC.
Influencing factor Degree Rank
Pore structure parameters Vmic 0.803 1
Shon 0.680 2
Material characteristic parameters Clays content 0.671 3
Ro 0.628 4
TOC content 0.553 5

Notes: Dimensionless processing mode: mean; Resolution coefficient p = 0.5.

Table 6 the shale at higher maturity stage increase the GSC. It is worth
Evaluation of MAC prediction results. mentioning that for the constant pore model, the free gas capacity
Models Mean absolute error Mean square error  Root mean square error presents a continuous increase with the depth. At depth >2800 m,

the total gas and free gas capacities of the evolutive pore model
tend to decrease, which is a compound effect of the destruction of
the OM pore structure at the over-maturity stage (Lu et al., 2023a)

Eq.(8) 0.2492 0.1104 0.3322
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and the compression of increased in-situ stress. It can be foreseen
that the total GSC of the two models will intersect again at a certain
depth (>2800 m), i.e., the total gas capacity of the evolutive pore
model will be smaller than that of the constant pore model.
However, this exceeds the maximum depth of the MCT shale in this
area.

Reservoir pressure has an important influence on GSC and shale
gas production. The commercially developed marine shale gas
reservoirs in southern China have large burial depths, with a main
pressure coefficient range of 0.9—2.0 (Jiang et al., 2023), while the
MCT shale reservoirs in the Qinshui Basin have a shallower burial
depth and a lower pressure coefficient. The pressure coefficient of
coal reservoirs adjacent to the MCT shale in the Carboniferous-
Permian strata is usually between 0.6 and 1.0 (Wang et al., 2017).
The results of GSC calculated as pressure coefficients of 0.6, 0.7, 0.8,
0.9 and 1.0 respectively are shown in Fig. 10. The free gas capacity
responds most significantly to pressure changes. It decreases
rapidly with the decrease of the pressure coefficient, leading to a
decline in the total GSC and an increase in the proportion of
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adsorbed gas. The adsorbed gas capacity is only affected by the
pressure coefficient at the shallow depth (<1000 m), and as the
depth >1000 m, the loss in adsorbed gas capacity is not significant
as the pressure coefficient goes down.

4.3. Impact of water on adsorption gas and geological model of gas
capacity

The water saturation of MCT shales in the Qinshui Basin ranges
from about 25.5% to 76.4% (Sun et al., 2022). The presence of water
in the shale pores affects the methane adsorption behavior and free
gas space. Although the occupation of free gas storage space by
water has been allowed in Eq. (5), the effects of water adsorption
sites and the change in the interaction between adsorbent and
sorbent, which affects methane adsorption, also need to be
considered (Chalmers and Bustin, 2008). According to the study of
Gasparik et al. (2012), with increasing water content in shales, the
MAC will reduce until reaching a critical water saturation at which
a further increase in water content has little effect on the MAC.
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100 m and a water saturation of 30%. The geothermal gradient and surface temperature
of the Qinshui Basin are 28.2 K/km and 282.15 K, respectively, which come from Sun
et al. (2006).

Based on this rule, combined with previous experimental data at
different water contents (Table 7), an asymptotic model (y = a +
b x ¢*) can be used to describe the MAC of the sample in the present
study with increasing water saturation (Fig. 11).

As shown in Table 7, the asymptotic model well fits the data of
the MCT shale sample of this study and marine shales. In the fitted
equation, the value of (a + b) is close to the MAC of dry samples, a is
the MAC after reaching the critical water saturation, b is the
maximum loss of adsorption due to the presence of water, and then
b/(a + b) is the maximum percentage of MAC loss due to water. The
value of c can reflect the decreasing MAC of shale with increasing
water saturation. Overall, water has a greater influence on the
adsorption of the MCT shale sample (S7) than that of the marine
shales, with the maximum percentage of MAC loss as high as
60.82%.

According to the Sy, data of MCT shale in the Qinshui Basin (Sun
et al.,, 2022), the range of water saturation is set from 20% to 70%.
According to the evolutive pore model (section 4.2), the GSC model
of S7 under different water saturation conditions was further
constructed based on the asymptotic model of the effect of water
on adsorption (Fig. 12). As the S,y increases from 20% to 70%, the free
and total gas capacities decline significantly, and the adsorbed gas
capacity does not decrease significantly after S,y > 50%. Compared
with the model under dry conditions (Fig. 9), the total GSC de-
creases from 31.30% to 4.64% under water conditions (from 500 m
to 2800 m, respectively, Fig. 12¢), i.e., the difference between the
two models decreases with increasing depth. This is because the
reduction of the adsorption gas allows the conversion of the
adsorption phase volume into the storage space for the free gas. For
the same water saturation of 30%, the free gas capacity of this
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model is significantly greater than that of the model based on the
absorption parameters under dry conditions (Fig. 12a).

The total gas of 2 m?/t is used as the baseline of the marine shale
gas reservoirs with commercial potential in China (Wang et al,,
2012). If this standard is adopted for the MTC shale of the present
study, the depth corresponding to this gas content increases
significantly with rising water saturation according to the predic-
tion results of Fig. 12c. For instance, the shale reaches a total GSC of
2 m>/t at the depth of 680 m and 1520 m as the water saturation is
20% and 50%, respectively. When the water saturation exceeds 60%,
even if the depth reaches 2800 m (the greatest depth in the study
area), the GSC of the shale does not reach 2 m’/t, i.e., without
economic development potential (Fig. 12c). For this lower TOC
content MCT shale, the shale gas exploration should be directed to
deeper depths (>1000—-1500 m), especially to blocks with lower
water saturation.

4.4. Uncertainties and limitations of the GSC model

In the geological GSC model of Fig. 12, the effect of S,y on
adsorption is based on the shale with equilibrium water. During the
equilibrium water experiments, the water molecules enter the
shale nanopores from the outside to the inside, while the transport
of shale connate water is from the inside to the outside. This means
that the equilibrium water and connate water would have different
distributions in the shale nanopore system, which may affect the
adsorption. In addition to this, the models describing the effect of
water on MAC have not been implemented for different tempera-
ture conditions. The main reason is related to two uncertainties in
the HPMA experiments of water-bearing shales. One is that water
molecules will separate from the sample during the evacuation,
and another is that if different temperature gradients are set in the
experiments, higher temperature conditions will cause a significant
loss of water molecules from the shale, thus affecting the experi-
mental results. Most of the MAC data for water-bearing shales re-
ported in the literature (Shabani et al., 2018; Ren et al., 2019) are
based on low-temperature experiments (e.g., <318.15 K). These also
corroborate the difficulty of maintaining the water content in
shales in high-temperature experiments.

In this study, the relationship between maturity and depth of
MCT shale is limited to the Yushe-Wuxiang area to ensure their
high correlation coefficient. The effect of maturity not only affects
the pore structure of OM but also changes its molecular structure,
i.e., as maturity increases, the aromatization of OM molecular
structure would be more favorable for methane adsorption (Zhang
et al., 2012). However, it has also been shown that differences in
surface functional groups have negligible effects on MAC in high
and over-mature shales, and that their pore structure mainly in-
fluences adsorption (Li et al., 2022), with basically physisorbed
mechanism (Fig. 6b). Nevertheless, the effect of the chemical
structure evolution of OM on methane adsorption also deserves
further study and consideration.

The GSC model constructed with the S7 sample represents the
MCT shale with a lower TOC content, which can characterize most
of the shale strata in the Qinshui Basin. However, there are also a
few shales with a higher TOC content in this basin whose GSC
characteristics and models need further investigation. It should be
also noted that the GSC model proposed in this study represents the
capacity for gas storage, i.e., it is assumed that there are sufficient
gas sources in the shale reservoir. Under actual geological condi-
tions, the GSC of shales may be influenced by more factors, such as
their gas generation potential and the gas expulsion efficiency,
therefore, the model needs to be further validated by obtaining
shale gas exploration and development data.
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Table 7
The parameters of asymptotic models for different shales.
Haynesville CN_33 S3 S4 S7
MAC, cm?/g 448 2.64 3 6.54 223
Ro, % 2.5 2.8 1.28 1.69 3.09
TOC, % 31 0.96 5.79 10.94 1.71
Clays, % 47.8 45.5 4 3 83.15
a 24517 1.1192 1.8681 4.9801 0.8741
b 2.0289 1.5429 1.1382 1.5601 1.357
c 0.9489 0.9416 0.9884 0.9712 0.9528
R? 0.99 0.96 0.97 0.99 0.99
a+b 4.4806 2.6621 3.0063 6.5402 2.2311
b/(a+b) 45.28% 57.96% 37.86% 23.85% 60.82%
Data source Marine shale (Merkel et al., 2015) Marine shale (Yang et al., 2016) Marine shale (Shabani MCT shale in this study
et al., 2018)
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5. Conclusions

This work established an experimental and simulation combi-
nation method to explore the HPMA characteristics of MCT shale
samples from the Qinshui Basin and the GSC considering the
approximate geological conditions.

From the results, compared to the composition characteristics,
the shale pore structure parameters of Vipic and Spon have priority in
the effect on the methane adsorption. The methane adsorption
prediction model based on the two pore structure parameters
shows promising predictive performance.

There are differences between the GSC obtained from the
evolutive pore model proposed in this study and the conventional
constant pore model. The main reason is the evolution of pore
structure governed by the depth of the shale.

For the lower TOC content MCT shales, depth, pressure coeffi-
cient and water saturation together constrain their shale gas po-
tentials. Even considering the maximum possible pressure
coefficient of 1.0, the GSC of the shale does not reach the low limit
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of development potential (2 m3/t) when the depth is < 800 m /
water saturation >60%. Therefore, the exploration and develop-
ment of shale gas should be carried out in areas with greater
depths, especially in areas with low water saturation.
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