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a b s t r a c t

The water adsorption performance of shale gas reservoirs is a very important factor affecting their gas in
place (GIP) contents, but the water-holding capacity and mechanism of over-mature shale, especially
organic pores, are still not fully understood. In this study, systematic water vapor adsorption (WVA)
experiments were carried out on the Lower Cambrian over-mature shale and its kerogen from the
Sichuan Basin, China to characterize their WVA behaviors, and combined with the low-pressure gas (N2

and CO2) adsorption experiments, the main influencing factors of WVA capacity of the shale and the
absorbed-water distribution in its organic and inorganic nanopores were investigated. The results show
that the WVA isotherms of shale and kerogen are all type II, with an obvious hysteresis loop in the
multilayer adsorption range, and that the positive relationship of the shale TOC content with the WVA
capacity (including total adsorption capacity, primary adsorption capacity and secondary adsorption
capacity) and WVA hysteresis index (AHIW), and the greater adsorption capacity and AHIW of kerogen
than the shale, all indicate that the hydrophilicity of organic matter (OM) in the over-mature shale was
underestimated in previous research. Although both the shale OM and clay minerals have a significant
positive effect on the WVA, the former has a stronger adsorption ability than the latter. The WVA capacity
of the studied Lower Cambrian shale is significantly greater than that of the Longmaxi shale reported in
literatures, which was believed to be mainly attributed to its higher maturity, with a significant
graphitization of OM. The shale micropores and non-micropores play an important role in WVA, espe-
cially OM pores. There are primary and secondary adsorption for water vapor in both the micropores and
non-micropores of OM, while these adsorptions of minerals mainly occur in their non-micropores. These
results have important guides for understanding the gas storage mechanism and exploration and
development potential of marine over-mature shale in southern China, especially the Lower Cambrian
shale.
© 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

With the breakthrough and application of technologies such as
horizontal drilling and hydraulic fracturing, shale gas, as an
important replacement energy source, has be effectively developed.
In the recent decade, China has vigorously promoted the explora-
tion of the Lower Paleozoic (Upper Ordovician Wufeng Formation-
.

y Elsevier B.V. on behalf of KeAi Co
Lower Silurian Longmaxi Formation; Lower Cambrian) marine
shale gas in its south area, and a great progress has been made in
the Wufeng-Longmaxi formations in the Sichuan Basin and its
surrounding areas (Zou et al., 2015; Dong et al., 2016). In 2022, the
shale gas production arrived to 223.23 � 108 m3 in the Sichuan
Basin (Yang et al., 2023), accounting for 93% of the total shale gas
production (240 � 108 m3) and 10% of the total natural gas pro-
duction (2201.1 � 108 m3) in China (Dong et al., 2022; Nie et al.,
2022). However, the gas content of Lower Cambrian shale is
generally lower than that of theWufeng-Longmaxi formations, and
the gas content and tested productivity vary widely in different
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regions (Wang et al., 2014, 2016a; Zhang et al., 2023). The Lower
Cambrian shale gas has not yet been developed commercially.

Shale reservoirs contain a certain amount of water. For example,
the water content of marine shale gas reservoirs in southern China
is generally between 10% and 60%, and can reach 90% in some
blocks (Curtis, 2002; Liu and Wang, 2013; Fang et al., 2014; Zou
et al., 2015; Ren et al., 2019). Water in shale is an important fac-
tor affecting shale gas content and production (Hu et al., 2019; Khan
et al., 2021; Feng et al., 2023; Xing et al., 2023). For gas-bearing
shale, the actual pore water saturation is much lower than the
theoretical irreducible water saturation, and it is in an ultra-low
water saturation (Cheng et al., 2018; Bai et al., 2020). Under this
case, the water is basically bound state, i.e., it is adsorbed in the
shale nanopores through the forms of water film, cluster and
condensation (Fang et al., 2014; Yu et al., 2021; Dang et al., 2021).
Water in shale occupies some pore spaces and adsorption sites,
which can significantly reduce the contents of free gas and adsor-
bed gas (Jin and Firoozabadi, 2014; Li et al., 2016, 2019a; Wu et al.,
2017). On the other hand, in the process of hydraulic fracturing
development, a portion of the fracturing water will remain in shale
reservoirs, which is benefit to gas desorption (Parmar et al., 2013;
You et al., 2021). Therefore, understanding the water adsorption
mechanism and occurrence in shale reservoirs is of great signifi-
cance to the exploration and development of shale gas.

In recent years, water vapor adsorption (WVA) has been widely
used to study the adsorption performance of water in shale
(Zolfaghari et al., 2017b; Sang et al., 2019, 2020; Wang et al., 2019b;
Yang et al., 2020a; Dang et al., 2021; Ukaomah et al., 2023), and
combined with the characterization technology of shale nanopore
structure (such as low-pressure gas adsorption experiments), this
method gets a deep understanding on the controlling factors of
water adsorption in shale (Sang et al., 2018; Yang et al., 2020a; Chen
et al., 2021a). The previous research shown that the water vapor
adsorption behavior in shale is influenced by various factors,
including clay minerals, brittle minerals, total organic carbon (TOC)
content, thermal maturity, pore structure characteristics, as well as
some external factors (such as temperature and pressure) (Feng
et al., 2018; Yang et al., 2020a; Chen et al., 2021a; Li et al., 2021a;
Shi et al., 2023). Clay mineral and organic matter (OM) are the main
carriers of water in shale (Li et al., 2019b; Zhu et al., 2020), and their
water vapor adsorption characteristics are significantly different.
Clay minerals have strong hydrophilicity (Zolfaghari et al., 2017a;
Sang et al., 2019; Lahn et al., 2020), and water vapor can be
adsorbed on clay minerals by van der Waals forces, hydrogen
bonds, capillary forces, electrostatic forces, surface hydration and
cation exchange (Osipov, 2012; Hou et al., 2021; Song et al., 2022).
Because of the different understanding of hydrophilicity or hy-
drophobicity of OM in shale, it is still controversial whether OM
pores can adsorb water. Some studies suggest that hydrocarbons
mainly exist in kerogen pores, and there is almost no water in OM
pores (Heller and Zoback, 2014; Feng et al., 2018). However, the
hydrophobicity of OM will change with its thermal maturation
evolution (Hu et al., 2015, 2016). The higher the thermal maturity,
the more the nanopores and the less the hydrophilic groups (e.g.,
carboxyl and hydroxyl groups). Obviously, the increase of nano-
pores is beneficial to the hydrophilicity of OM, while the reduction
of hydrophilic groups is not conducive to the hydrophilicity of OM.
Despite of this, OM pores still have water storage capacity even at a
very high maturity level (Kuila et al., 2014; Gu et al., 2016; Cheng
et al., 2017, 2018; Xing et al., 2024). Some porous organic mate-
rials without hydrophilic groups (e.g., graphene) have also been
found to be mildly hydrophilic (Kozbial et al., 2014; Wei and Jia,
2015), but the mechanism remains unclear.

The adsorption mechanism of water in shale can be analyzed
based on the adsorption-desorption isotherms of water vapor
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(Llave et al., 2012; Arthur et al., 2016; Wan et al., 2016; Shen et al.,
2018). These isotherms are often associated with a hysteresis loop,
and their morphology is related to pore structure and pore wall
hydrophilicity (Zolfaghari et al., 2017b; Chen et al., 2020; Ukaomah
et al., 2023). Although available data reveals a stronger relationship
between clay minerals and WVA capacity (Wang et al., 2019b), and
a relationship also exists between TOC content and hysteresis loop
variability (Yang et al., 2020a), it is still not clear howmuch water is
located in OM and inorganic pores (predominantly clay-hosted
pores). This is crucial because the difference of wettability prop-
erties between OM and inorganic minerals will directly affect the
adsorption behavior of water vapor (Chen et al., 2021a). In addition,
at present, most of the studies aim at shale, with few studies on
kerogen, which may ignore the importance of water uptake of OM
in shale.

The current study on theWVA ofmarine shale in southern China
mostly aims at the Longmaxi shale (Duan and Li, 2018; Wang et al.,
2019b; Bai et al., 2020; Yang et al., 2020a; Dang et al., 2021; Xie
et al., 2023), without reports on the Lower Cambrian shale, and
the properties of the two shales are quite different (Ma et al., 2015;
Wang et al., 2016b, 2018a). Compared with the Longmaxi shale, the
Lower Cambrian shale has a greater maturity, with an equivalent
vitrinite reflectance (EqRo) mainly between 3.0% and 5.0%, and the
OM in shale samples from the Sichuan Basin and its surrounding
areas has an obvious carbonization (i.e., graphitization) (Huang
et al., 2012; Wang et al., 2014; Xu et al., 2017; Jiang et al., 2018).
The WVA results from the Longmaxi shale cannot be completely
applied to the Lower Cambrian shale.

Therefore, in this study, water vapor and low-pressure gas (N2
and CO2) adsorption experiments were carried out on the Lower
Cambrian over-mature shale and its kerogen from the Weiyuan
area, Sichuan Basin, China. Based on the quantitative character-
ization of the WVA behavior of the shale and kerogen, the influ-
encing factors of the WVA capacity of the shale was investigated
and the difference of WVA capacity from the Longmaxi shale re-
ported in literatures were emphatically compared. On the basis of
this, the occurrence and distribution characteristics of adsorbed
water in the organic and inorganic pores of the shale were
discussed.

2. Geological background

The Sichuan Basin, with a total area of about 19 � 104 km2, is
located in the northwest of the Yangtze Platform (Hao et al., 2013;
Guo and Zhang, 2014). The basin developed its rudiment in the
Indosinian period and formed its present tectonic pattern during
the Himalayan period (Shen et al., 2007). A large-scale trans-
gression occurred in the Early Cambrian, and a part of the Sichuan
Basin, including the Weiyuan area, and its nearby north and east
areas were in the deep water shelf environment (Jiang et al., 2012;
Li et al., 2013, 2022a; Cheng et al., 2016; Ren et al., 2017) (Fig.1), and
deposited the Qiongzhusi Formation black shale under the anoxic
bottom-water conditions (Pi et al., 2013; Xu et al., 2019; Gao et al.,
2021; Li et al., 2022b).

The Weiyuan area is located in the southwestern of the central
uplift belt of Sichuan Basin. The Lower Cambrian Qiongzhusi For-
mation shale in this area has a current burial depth of
2270e4300 m, and a thickness of 400e600 m with a stable dis-
tribution (Sui, 2017). The shale has a TOC content of 0.31%e4.89%,
and an EqVRo value of 2.6%e4.0%, and the kerogen belongs to type I
or II1 (Wang et al., 2013a; Zhou et al., 2014; Ren et al., 2016, 2017;
Sui, 2017; Tian et al., 2018), thus with shale gas exploration po-
tential. According to the data from Ren et al. (2016), shale gas was
detected in the Qiongzhusi Formation from 19 wells out of 20 wells
in Weiyuan area, and industrial shale gas production was obained



Fig. 1. (a) Paleogeographic map of the Upper Yangtze Block of South China during Lower Cambrian, and sampling location (modified from Ren et al. (2016); Liu et al. (2017); Zhang
et al. (2019); Liu et al. (2022)). (b) Stratigraphic histogram of Qiongzhusi Formation in the well WY1H in Weiyuan area. CLP: Canglangpu Formation.
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in the well W-A. However, the Lower Cambrian shale gas has not
been commercially developed in this area, and the uncertainty of
gas-bearing properties greatly limits the further exploration in this
area (Wang et al., 2019a; Rao et al., 2022; Li et al., 2022a).

3. Samples and experiments

3.1. Samples

Eight black shale samples were collected from the Lower
Cambrian Qiongzhusi Formation at the well WY1H in the Weiyuan
area, Sichuan Basin (Fig. 1). The well is structurally located at the
Leshan-Weiyuan slope of Mianyang-Changning craton rift. The
regional sedimentary background shows that the Qiongzhusi For-
mation in the Weiyuan area deposited in the deep-water shelf
environment (Fig. 1(a)). The Qiongzhusi Formation black shale at
this well has a cumulative thickness of 80 m, with a burial depth of
4393.62e4451.37 m (Fig. 1(b)), and it is deemed to be a potential
shale gas reservoir (Ren et al., 2016, 2017).

3.2. Experiments

3.2.1. Organic geochemical analysis
TOC content was measured by the LECO CS-230 carbon and

sulfur analyzer (Liu et al., 2013). The sample was crushed into
powder (<200 mesh, about 100 mg), treated with 5% dilute hy-
drochloric acid to remove carbonate minerals, then rinsed with
deionized water to neutral and dried for 4 h. TOC content was
quantified by CO2 peak area produced by OM combustion (Table 1).

The maturity of shale samples was obtained by laser Raman
method (Beyssac et al., 2002; Quirico et al., 2005; Henry et al.,
2019). The used instrument was a HORIBA-JY Lab RAM automatic
micro-Raman spectroscopy. The measured OM was solid bitumen.
The Raman spectra were fitted by the bimodal method as proposed
by Wang et al. (2015). The parameter of RBS (the distance between
G and D bands) was used to calculate EqRo with the equation:
EqRo ¼ 0.0537 � RBS�11.21 (Liu et al., 2013). Five different solid
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bitumen particles were measured for each sample and their EqRo
values were averaged. It should be pointed out that although the
equation of Liu et al. (2013) is based on vitrinite, they alsomeasured
the Raman spectra of different macerals (such as solid bitumen,
amorphous organic matter, and vitrinite-like maceral) in over-
mature shale, and found that there were no significant differ-
ences in their Raman parameters. Therefore, this equation can be
also applicable to solid bitumen in over-mature shale, as used in
literatures (e.g., Wang et al., 2021; Li et al., 2023a; Xiang et al.,
2024).

Themineral composition of shale samples was analyzed by XRD.
The instrument used was a Rigaku MiniFlex-600 diffractometer.
The main analytical conditions included a voltage of 40 kV, a cur-
rent of 15 mA, a scanning range of 2q ¼ 3�e80�, a slit width of
1 mm, and a scanning speed of 1�/min. The results were analyzed
using the Lorentz polarization software to obtain semi-quantitative
data on the mineral composition (Pecharesky and Zavalij, 2005).

3.2.2. Extraction and elemental analysis of kerogen
Kerogen was isolated from shale samples by chemical methods

(Suleimenova et al., 2014). The main procedures were as follows:
(1) the sample was crushed to less than 100 mesh; (2) carbonate
was eliminated by HCL acid; (3) silicatewas removed byHF acid; (4)
pyrite was removed by CrCl2 solution; (5) the obtained sample was
washed with deionized water and dried to obtain kerogen.

The contents of nitrogen (N), carbon (C), hydrogen (H) and sulfur
(S) in isolated kerogen samples were analyzed using the Elementar
Vario EL-III. The results were corrected with BBOT (C26H26N2O2S)
standard sample. Each sample was measured three times, and the
relative error was required to be less than 5%, and the average
values were taken (Gai et al., 2020).

3.2.3. Low-pressure gas adsorption experiments
According to the International Union of Pure and Applied

Chemistry (IUPAC), shale nanopores were divided into micropores
(<2 nm), mesopores (2e50 nm), and macropores (>50 nm)
(Chalmers et al., 2009). In this study, the sum of mesopores and



Table 1
Analysis data of TOC contents, EqRo values and mineral compositions of bulk shale samples.

Sample Depth, m TOC, % EqRo, % Mineral composition, %

Q Fel Car Py I/S Ill K Chl

1 4393.62 1.55 3.45 40.93 15.81 4.67 2.22 5.61 17.28 3.79 9.70
2 4395.65 1.31 3.49 38.90 15.35 5.24 3.41 3.89 18.91 2.34 11.97
3 4413.70 2.42 3.46 39.36 21.54 1.46 3.58 8.29 14.20 3.18 7.49
4 4417.74 1.79 nd 33.97 25.40 3.47 2.73 1.96 21.88 2.74 7.85
5 4433.40 3.39 3.49 48.26 19.71 1.53 3.13 3.39 17.74 1.01 5.23
6 4435.50 4.09 3.48 46.69 17.14 4.21 2.98 5.11 13.72 2.45 6.02
7 4437.46 4.12 3.49 49.11 17.48 7.51 2.97 2.83 12.06 0.76 7.28
8 4451.37 0.59 nd 34.38 18.01 2.03 3.51 14.03 21.33 0.99 5.73

Notes: Q, Fel, Car, Py, I/S, Ill, K and Chl are Quartz, Feldspar, Carbonate, Pyrite, mixed I/S, Illite, kaolinite, and Chlorite, respectively. nd means not data. The data of sample 5 is
from Xing et al. (2025).
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macropores were defined as non-micropores. The shale and iso-
lated kerogen samples were analyzed by a Micromeritics ASAP
2020 analyzer, and LPNA (N2 adsorption) and LPCA (CO2 adsorp-
tion) experiments were conducted to characterize their non-
micropores and micropores, respectively. About 1 g of shale sam-
ples and about 0.15 g of kerogen samples (20e40 mesh) were used.
They were dried for 12 h in an oven at 110 �C to remove their
moisture and volatile components before the adsorption experi-
ments. The relative pressure of LPNA experiments was from 0.005
to 0.995, with a temperature of 77.35 K, while for the LPCA exper-
iments, the relative pressure was from 0.0001 to 0.032 and the
temperature was 273.15 K.

Based on the LPNA adsorption data, the non-micropore specific
surface area (Snon) was calculated using the modified Brunauer-
Emmett-Teller (BET) equation (Tian et al., 2015), and the pore size
distribution (PSD) of non-micropores was calculated using the
Barrett-Joyner-Halenda (BJH) model (Barrett et al., 2014). According
to the LPCA data, the micropores volume (Vmic) was obtained by the
Dubinin-Astakhov (D-A) equation (Dubinin, 1989; Sing et al., 2012).

Zhang et al. (2020) conducted research on pore structure of bulk
shale and its isolated kerogen, and indicated that it was feasible to
use kerogen to investigate pore structure of OM in bulk shale. Li
et al. (2023b) further roughly calculated the pore structure pa-
rameters of inorganic minerals (IM) according to the pore structure
parameters of the bulk shale and isolated kerogen. According to
their method, the specific surface area and pore volume of OM and
IM pores in shale can be calculated by Eqs. (1), (3) and (4),
respectively:

SOM ¼ Skerogen
TOCkerogen

� TOCshale (1)

SIM ¼ Sshale � SOM (2)

VOM ¼ Vkerogen

TOCkerogen
� TOCshale (3)

VIM ¼ Vshale � VOM (4)

where Sshale, SIM and Skerogen represent the specific surface areas of
shale, inorganic minerals, and kerogen, respectively; Vshale, VIM and
Vkerogen represent the pore volumes of shale, inorganic minerals,
and kerogen, respectively; TOCshale and TOCkerogen represent the
TOC content of the shale and kerogen, respectively (the carbon
content of kerogen is equivalent to its TOC content).

3.2.4. Water vapor adsorption experiments
The particle size of a sample will have a certain influence on its

adsorption (Li et al., 2020; Dang et al., 2021), therefore, the WVA
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experiment used the same sample size (20e40 mesh) as the low-
pressure gas adsorption experiment. The instrument used was a
Quantachrome Aquadyne DVS WVA analyzer, and it has the ad-
vantages of high automation, accurate control of relative humidity
(RH), high repetition of experimental results (a relative error of less
than 3%) (Yang et al., 2021). About 100 mg of shale sample and
10 mg of kerogen sample were used, and they were dried at 100 �C
for 48 h to remove water before adsorption experiments. The
experimental temperature was 298.5 K, and the RH was from 2% to
95%. The specific experimental steps were strictly followed as re-
ported by Sang et al. (2019). In order to ensure the reliability of
experimental data, the experiment was repeated for three times for
each sample, and their average was taken.

In the present study, Dent model was applied to fit the WVA
data of shale and kerogen samples, as suggested by Dang et al.
(2021). Compared with other models, this model has a higher
fitting degree to the test data, and can calculate the primary and
secondary adsorption amounts which are conducive to discuss the
adsorption kinetics process (Dent, 1977; Tang et al., 2017; Duan and
Li, 2018; Wang et al., 2019b; Yang et al., 2020a). According to the
Dent multilayer adsorption model, the WVA capacity, primary
adsorption capacity and secondary adsorption capacity of shale and
kerogen samples can be described by the following equations,
respectively:

q ¼
qmDkD1

�
P
P0

�
�
1� kD2

�
P
P0

���
1þ kD1

�
P
P0

�
� kD2

�
P
P0

�� (5)

q1 ¼
qmDKD1

P
P0

1� KD2
P
P0

þ KD1
P
P0

(6)

q2 ¼
qmDKD1KD2

�
P
P0

�2

�
1� KD2

P
P0

��
1� KD2

P
P0

þ KD1
P
P0

� (7)

where q is the adsorption capacity of sample; P is the equilibrium
vapor pressure; P0 is the saturated vapor pressure at the experi-
mental temperature; P/P0 is the relative pressure which is equiva-
lent to the RH of water vapor; q1 and q2 represent the adsorption
capacity (mg/g) of primary and secondary sites, respectively; qmD is
Dent monolayer capacity; and kD1 and kD2 are adsorption constants
related to the primary adsorption energy and secondary adsorption
energy, respectively.
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In the MATLAB software, the initial values of qmD, kD1 and kD2
need continuously to be adjusted to achieve relatively suitable
fitting results according to the following principles, i.e., qmD must
not be negative, kD1 is generally much larger than kD2, and kD2 is
generally less than 1.

The pore size distribution from WVA data obtained by Kelvin
equation can be compared with that of low-pressure N2 adsorption
(Zolfaghari et al., 2017b). Therefore, in the present study, Kelvin
equation was used to characterize the pore size distribution of
water vapor adsorption for both the shale and kerogen samples.
The calculation method is as follows:

ln
�

1
RH

�
¼ 2gVm cos q=TR

rp
(8)

where RH represents relative humidity; g is the surface tension of
water at the experimental temperature, 0.07038 N/m; Vm is the
molar volume of water vapor, 1.8 � 10�5 m3/mol; q is the contact
angle between water and porous solid, and it was calculated ac-
cording to q ¼ 0�; T is the experimental temperature, 298.15 K; R is
the universal gas constant, 8.314 J mol�1K�1; rp is the pore diam-
eter, and this parameter was calculated at the maximum RH of 95%
(Xiong et al., 2023).

Since the pore size does not depend on the molecules of the
above equation (Yang et al., 2020a), it was calculated by Eq. (9),
representing the filling of capillary condensate in a certain width
pore under a certain RH condition (Zolfaghari et al., 2017b):

rp ¼ �
RT

�
ln
�

1
RH

��2

2gVm cos q
� dFw

dln
�

1
RH

� (9)

whereFw is the pore volume fraction, with a value� rp, which does
not represent the actual pore diameter. Before the capillary
condensation, water vapor can be adsorbed on the pore surface
through multilayer adsorption with a specific thickness, so the
thickness (t) formed by multilayer adsorption needs to be consid-
ered when calculating the pore diameter. The actual pore diameter
(d) can be calculated by Eq. (10):

d ¼ 2
�
rp þ t

�
(10)

The thickness of adsorption layer t in Eq. (10) is obtained by
Halsey equation:

t ¼ 0:354
�
� 5

�
ln

�
P
P0

��
2 (11)
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Fig. 2. Laser Raman spectrum of solid bitumen from Sample 7.
3.2.5. Hysteresis characteristic description
There is usually a hysteresis of desorption compared with

adsorption for the low-pressure gas or water vapor adsorption-
desorption isotherms of organic-rich shale samples, which results
in a hysteresis loop (Sing et al., 1985; Tang et al., 2017; Yang et al.,
2020a). The shape and area of hysteresis loop can effectively
reflect the pore structure and retention effect on adsorbed gas
(Thommes et al., 2015; Xu et al., 2020; Song et al., 2023). The
hysteresis loop can be quantitatively characterized by the Area
hysteresis Index (AHI) (Tang et al., 2017; Ukaomah et al., 2023). This
study used Eq. (12) recommended by Tang et al. (2017) to calculate
the hysteresis index of low-pressure gas and water vapor isotherms
for the shale and kerogen samples:
981
AHI ¼ Ade � Aad
Ade

� 100 (12)

where Ade and Aad represent the area under the desorption and
adsorption isotherms, respectively.
4. Results

4.1. Shale TOC content, maturity, mineral composition, and kerogen
elemental composition

The shale samples have a TOC content of 0.59%e4.12%, with an
average of 2.41%, and the EqRo value of 3.45%e3.49%, with an
average of 3.48% (Table 1), indicating that they are rich in OM, and
in the over-mature stage. It is worth noting that the second-order
Raman peak appears at 2688.52 cm�1 (Fig. 2), indicating that the
OM has been graphitized (Kelemen and Fang, 2001).

Themainminerals of shale samples are clayminerals and quartz
minerals. The content of total clay minerals ranges from 22.93% to
42.08%, with an average of 32.59%. Among the clayminerals, illite is
dominant, ranging from 12.06% to 21.88%, with an average of 17.14%.
Other clay minerals include chlorite, kaolinite and illite-
montmorillonite mixed layer, with contents of 5.23%e11.97%,
0.76%e3.79% and 1.96%e14.03%, respectively, with average values
of 7.66%, 2.16% and 5.64% respectively (Table 1). The quartz, content
ranges from 33.97% to 49.11%, with an average of 41.45%. Feldspar
and carbonate have a content of 15.35%e25.40% and 1.46%e7.51%,
respectively, with an average of 18.81% and 3.77%, respectively. In
addition, the shale has a small amount of pyrite, with a content
range of 2.22%e3.51% (Table 1).

For the shale samples, there is a positive correlation between
the TOC and quartz contents (R2 ¼ 0.7904, Fig. 3(a)), which means
that the quartz may be primarily derived from biogenesis (Gareth
et al., 2012; Marin-Carbonne et al., 2014; Tatzel et al., 2017). The
TOC content is negatively correlated with clay minerals
(R2 ¼ 0.9504, Fig. 3(b)), which is attributed to the decrease of total
clay content with the increase of quartz content. These results are
similar to those reported previously for the other Lower Cambrian
over-mature shale samples from the Sichuan Basin and its sur-
rounding areas (Tian et al., 2013, 2015; Cheng et al., 2017; Xu et al.,
2022).

The elemental composition of kerogen samples is shown in
Table 2. The contents of N, C, H and S elements are 0.82%e1.25%,
72.94%e85.57%, 2.03%e2.48% and 1.25%e9.18%, respectively. It
should be pointed out that kerogen is not pure OM, and a well-
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Fig. 3. The relationships of TOC with quartz (a) and clay minerals (b), and the corre-
lation between quartz and clay minerals (c) for shale samples.

Table 2
Element contents of isolated kerogen from bulk shale samples.

Sample Element content of kerogen, %

N C H S

1 0.82 77.73 2.31 1.38
2 0.82 76.94 2.22 1.27
3 0.99 81.79 2.28 1.40
4 0.94 80.15 2.25 1.25
5 1.25 85.57 2.23 1.36
6 0.93 72.94 2.03 9.18
7 1.00 83.94 2.36 1.75
8 0.70 78.75 2.48 1.71
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isolated kerogen sample should have a carbon content of more than
70% (Suleimenova et al., 2014; Hou et al., 2020), thus the kerogen
samples in the present study are all well-isolated. Sample 6 has a
high S content, which may be related to the incomplete removal of
pyrite. Since the inorganic carbon was completely removed in the
process of kerogen isolation, the carbon content of kerogen samples
can be used as their TOC content.

4.2. Low pressure gas adsorption isotherms and pore structure
parameters

4.2.1. Adsorption isotherm characteristics
Fig. 4(a)e(b) shows the N2 adsorption-desorption isotherm of

the shale samples. According to the classification of IUPAC
(Thommes et al., 2015), their adsorption isotherm and hysteresis
patterns are divided into Type IV and Type H3, respectively, which
indicates that there are capillary condensation and evaporation
processes, and mainly contains mesopores with a slit shape (Sing
et al., 1985; Cao et al., 2015). The N2 adsorption and desorption
isotherms of kerogen samples are shown in Fig. 4(c)e(d). Their
adsorption isotherm type is also type IV, but the hysteresis loop is
basically disappeared. This means that the hysteresis loop of the
shale samples is mainly caused by their inorganic nanopores, but
has little relationship with their OM nanopores. This is quite similar
with the results from Lu et al. (2023). The CO2 adsorption isotherms
of the shale and kerogen samples are shown in Fig. 5. Both of them
are type I isotherm (Thommes et al., 2015). When P/P0 ¼ 0.997, the
N2 adsorption capacities of the shale and kerogen samples are
2.29e8.38 cm3/g and 239.66e355.23 cm3/g, respectively. When P/
P0 ¼ 0.03, the CO2 adsorption capacities of the shale and kerogen
samples are 0.82e1.86 cm3/g and 15.25e23.96 cm3/g, respectively.
The N2 and CO2 adsorption capacities of kerogen samples are much
higher than those of shale samples, indicating that the shale OM
has more nanopores than minerals, including non-micropores and
micropores.

4.2.2. Pore structure parameters
Table 3 shows the pore structure parameters of the shale and

kerogen samples, inwhich the pore structure parameters of OM and
minerals in the shale samples were calculated by Eqs. (1)e(4). For
the shale samples, the non-micropore surface area (Snon) and
micropore volume (Vmic) have a range of 1.74e11.97m2/g (an average
of 7.93 m2/g) and 0.00245e0.006746 cm3/g (an average of
0.004983 cm3/g), respectively. For the kerogen samples, the Snon and
Vmic have a range of 179.95e243.36 m2/g (an average of 213.13 m2/g)
and 0.07202e0.09586 cm3/g (an average of 0.08872 cm3/g),
respectively. In the shale samples, the OM Snon and Vmic have a range
of 1.36e11.06 m2/g, (an average of 6.42 m2/g) and
0.000543e0.005073 cm3/g (an average of 0.002742 cm3/g), respec-
tively, and the inorganic Snon and Vmic have a range of 0.38e2.31m2/g
(an average of 1.50 m2/g) and 0.001112e0.00313 cm3/g (an average
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Fig. 4. N2 adsorption-desorption isotherms of shale ((a)e(b)) and kerogen ((c)e(d)) samples.
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of 0.002241 cm3/g), respectively. The relationships between the TOC
content of shale samples and the pore structure parameters of their
OM and IM nanopores clearly indicate that the OM Snon is greater
than the IM Snon for the all samples (Fig. 6(a)), while the OM Vmic is
greater than the IM Vmic (Fig. 6(b)) for the samples with TOC >2.09%.
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4.3. Water vapor adsorption characteristics and parameters

4.3.1. Adsorption isotherm characteristics
The water vapor adsorption-desorption isotherms of shale and

kerogen samples are shown in Fig. 7(a) and (b). According to the



Table 3
The pore structure parameters of bulk shale, kerogen and shale OM and IM.

Sample Snon, m2/g Vmic, cm3/g

Bulk shale Kerogen OM IM Bulk shale Kerogen OM IM

1 6.31 224.65 4.49 1.82 0.004888 0.08797 0.001758 0.003130
2 5.25 224.08 3.82 1.43 0.004502 0.08855 0.001510 0.002992
3 8.08 232.57 6.87 1.20 0.004931 0.09586 0.002833 0.002098
4 6.70 210.68 4.70 2.01 0.005054 0.08982 0.002003 0.003051
5 11.97 243.36 9.65 2.31 0.005606 0.09173 0.003638 0.001968
6 11.91 197.34 11.06 0.84 0.006746 0.09048 0.005073 0.001673
7 11.46 192.41 9.44 2.02 0.005687 0.09329 0.004575 0.001112
8 1.74 179.95 1.36 0.38 0.002450 0.07202 0.000543 0.001907
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classification of the IUPAC (Sing et al., 1985), the isotherms of all
samples belong to the Type II. These isotherms can be roughly
divided into three stages (Fig. 7): a predominant monolayer
adsorption as RH < 0.3, a main multilayer adsorption as RH
984
between 0.3 and 0.8, and a predominant capillary condensation as
RH > 0.8 (Wan et al., 2016; Tang et al., 2017). It should be noted that
due to the differences in the composition and pore structure of
different samples, the RH values corresponding to the turning
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points of adsorption curves will be slightly different, but the char-
acteristics of three stages are similar. All shale and kerogen samples
exhibit a significant desorption hysteresis at the higher RH range,
with the type H3 hysteresis loop based on the IUPAC classification
(Fig. 7). Table 4 shows the nitrogen adsorption andWVA AHI values
of the shale and kerogen samples calculated according to Eq. (12).
The AHIN (nitrogen hysteresis index) of the shale samples ranges
from 18.21% to 27.74%, with an average of 21.28%, and that of
kerogen samples ranges from 8.59% to 13.12%, with an average of
10.91%. The AHIW (water vapor hysteresis index) of the shale
samples ranges from 3.28% to 41.31%, with an average of 20.74%,
and that of kerogen samples ranges from 28.6% to 37.4%, with an
average of 33.62%.
4.3.2. Primary and secondary adsorption
The Dent adsorption model was used to fit the WVA data of the

shale and kerogen samples (RH ¼ 0.2e0.95), resulting in a perfect
fit (Fig. 8), with average R2: values of 0.9930 for the shale samples
and 0.9996 for kerogen samples, and the three fitting parameters
(KD1, KD2 and qmD) are presented in Table 5. The KD1 and KD2 of the
shale samples range from 3.39 to 12.12 (mean 8.66) and 0.88 to 0.95
(mean 0.91), respectively, and the KD1 and KD2 of the kerogen
samples range from 2.53 to 3.82 (mean 3.11) and 0.92 to 0.97 (mean
0.95), respectively. It is clear that the strength and binding energy
of the primary adsorption are much higher than those of the sec-
ondary adsorption for the two kinds of samples. The qmD of shale
samples range from 1.3 to 2.29 mg/g (mean 1.7 mg/g), and that of
kerogen samples range from 14.96 to 25.82 mg/g (mean 20.08 mg/
g).

According to the fitting parameters of the Dent adsorption
model, the WVA capacities of shale and kerogen samples at
RH ¼ 0.95 were further calculated by Eqs. (5)e(7) (Table 6). For the
kerogen samples, the q, q1 and q2 have a range of
155.81e209.30mg/g (mean 181.79mg/g), 14.55e24.76mg/g (mean
19.33 mg/g) and 153.91e182.84 mg/g (mean 160.71 mg/g),
respectively. For the shale samples, the q, q1 and q2 have a range of
8.91e16.59 mg/g (mean 12.15 mg/g), 1.28e2.19 mg/g (mean
1.66 mg/g), and 7.14e14.33 mg/g (mean 160.71 mg/g), respectively.
According to these data, the secondary adsorption capacities of
kerogen and shale samples are significantly higher than their pri-
mary adsorption capacities. This phenomenon confirms that higher
adsorption intensity does not mean higher adsorption capacity.
Comparing the q1 at RH ¼ 0.95 with the monolayer water content
qmD fitted by the Dent model, it was found that the former is
slightly smaller than the latter, which indicates that some adsorp-
tion sites in the shale or kerogen samples are still not occupied by
water molecules even under a very high RH condition (�Sv�abov�a
et al., 2011).
Table 4
AHI values of bulk shale and kerogen samples.

Sample Area hysteresis index (AHI), %

Bulk shale Kerogen

AHIN AHIW AHIN AHIW

1 20.31 23.22 11.07 34.63
2 22.65 23.15 12.65 36.77
3 18.21 3.28 8.59 28.60
4 22.50 9.34 11.11 34.11
5 20.46 19.45 10.15 35.76
6 19.34 33.17 9.55 31.33
7 19.03 41.31 13.12 30.35
8 27.74 13.04 11.00 37.40

Note: AHINmeans AHI value of low pressure N2 adsorption curve; AHIWmeans AHI
value of WVA curve.
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It can be seen from the relationship between the RH and the
primary and secondary adsorption capacities of water vapor in
Fig. 8 that the variation trends of the shale and kerogen samples are
similar. With increasing RH, their primary adsorption and the
secondary adsorption capacities gradually increase. In the low RH
region (<0.1), the primary adsorption capacity increases sharply
with the increase of RH, without few secondary adsorptions, and
the adsorption mainly occurs at the high binding energy positions
due to the direct contact of water vapor with the surface of nano-
pores (Duan and Li, 2018; Li et al., 2021a; Liang et al., 2023). When
the RH increases to about 0.5, the q1 and q2 are equal. With the
further increase of RH, the q1 basically remains unchanged since the
high binding energy sites are gradually occupied, while the q2 in-
creases rapidly in an exponential function trend. It is worth noting
that the primary adsorption has the characteristics of type I
isotherm (Fig. 8), with a strong adsorption effect (Xie et al., 2023),
while the secondary adsorption has the characteristics of type III
isotherm (Fig. 8), with a weak adsorption effect (Donohue and
Aranovich, 1998; Czepirski et al., 2000). This indicates that in the
whole adsorption behavoir, the primary adsorption is the mono-
layer adsorption, and the secondary adsorption includes the
multilayer adsorption and capillary condensation. Generally
speaking, water vapor tends to be adsorbed at the primary
adsorption sites with higher binding energy, while the secondary
adsorption amount is much greater than the primary adsorption
amount due to the greater storage of water in multilayer adsorption
and capillary condensation effect. This also explains the periodic
characteristic of the water vapor isotherm on mechanism (Fig. 7).

5. Discussion

5.1. Comparison of pore structure from nitrogen and water vapor
adsorption

5.1.1. Hysteresis characteristics
Comparing Fig. 4 with Fig. 7, it can be seen that the hysteresis

loops of N2 and water vapor adsorption-desorption of the samples
(the shale and kerogen) are different. This is related to the different
properties of the two kinds of probe molecules. The hysteresis loop
of N2 is mainly controlled by the chemical properties of pores and
their geometry which is related to the open cylindrical, ink bottle,
parallel plate and slit-like pores (Sing et al., 1985; Sing and
Williams, 2004; Xu and Prodanovic', 2018). In the process of
WVA, a larger hysteresis loop area indicate that water molecules
have stronger interactionwith pore wall and more water persists in
pore spaces (Yang et al., 2020a; Liang et al., 2023). This phenome-
non is considered to be closely related to the oxygen-containing
functional groups on the surface of pore wall, the van der Waals
force and the capillary condensation effect in ink bottle-shaped
pores (Gregg et al., 1967; McCutcheon and Barton, 1999) or
swelling caused by water retention between clay mineral layers
(Charri�ere and Behra, 2010). In addition, the AHIN value of kerogen
is significantly lower than that of the shale (Table 4). The AHIN
value of the shale is negatively correlated with its TOC content, but
positively correlated with the clay mineral content (Fig. 10(a)e(b)).
Therefore, it can be believed that the pores of minerals (mainly clay
minerals) mainly control the area of hysteresis loop of nitrogen
adsorption-desorption curve in the shale.

Different from the nitrogen adsorption-desorption curve hys-
teresis characteristics, the AHIW value of kerogen samples is much
greater than that of shale samples, which is consistent with the
research results of Ukaomah et al. (2023) on marine and lacustrine
shale and kerogen. The largest difference in the AHIW value be-
tween the shale and kerogen samples occurs at about RH ¼ 0.8,
where the kerogen is an order of magnitude greater than the shale
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Fig. 8. Water vapor adsorption isotherms of selected shale and kerogen samples.
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(Fig. 9). In addition, the AHIW value of the shale is significantly
positively correlated with the TOC content, but has not correlation
with the clay mineral content (Fig. 10(c)e(d)). The greater AHIW
value of kerogen samples and the positive correlation between the
TOC content and AHIW value of shale samples together indicate a
positive role of over-mature OM in the hydrophilicity of the shale.
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5.1.2. Pore size distribution characteristics
When the porous medium has pores that can be penetrated by

water vapor, the WVA curve can be characterized according to the
Kelvin equation (Eqs. (9)e(11)) (Hagymassy et al., 1969; Hagymassy
and Brunauer, 1970). Fig. 11 shows the pore size distribution (PSD)
of shale and kerogen samples obtained byWVA and N2 adsorption.



Table 5
The physical parameters of water vapor adsorption of bulk shale and kerogen
samples.

Sample Parameters

Bulk shale Kerogen

qmD, mg/g KD1 KD2 R2 qmD, mg/g KD1 KD2 R2

1 1.34 9.02 0.93 0.9945 17.12 3.31 0.96 0.9998
2 1.30 11.47 0.95 0.9932 18.42 2.54 0.96 0.9999
3 1.49 11.67 0.89 0.9921 23.80 2.53 0.92 0.9995
4 1.67 12.12 0.89 0.9926 18.78 3.71 0.95 0.9992
5 2.23 7.02 0.88 0.9925 21.08 2.77 0.95 0.9996
6 1.92 6.61 0.94 0.9936 20.66 3.82 0.95 0.9999
7 2.29 3.39 0.91 0.9970 25.82 2.96 0.94 0.9990
8 1.35 7.95 0.92 0.9920 14.96 3.27 0.97 0.9998

Table 6
Water vapor capacity of bulk shale and kerogen samples.

Sample WVA capacity, mg/g

Bulk shale Kerogen

q q1 q2 q q1 q2

1 10.51 1.32 8.93 170.75 16.61 153.91
2 12.38 1.28 10.77 191.08 17.74 173.55
3 8.91 1.46 7.14 155.81 22.43 133.22
4 10.10 1.65 8.15 170.15 18.21 150.62
5 13.02 2.17 10.37 192.47 20.26 171.12
6 16.59 1.88 14.33 185.89 20.05 164.49
7 15.90 2.19 13.48 209.30 24.76 182.84
8 9.79 1.32 8.14 178.89 14.55 155.96
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For WVA, the PSD of shale and kerogen samples is unimodal, with
the peak at 2e3 nm and about 3.5 nm, respectively, but their PSD
from nitrogen adsorption, has not an obvious peak, presenting a
decrease with the increase of pore sizes. In the pore size range of
1e100 nm, the PSD value obtained by WVA is greater than that
obtained by N2 adsorption for the shale samples, especially in the
pore size range of 2e5 nm (Fig. 11(a)), while the PSD curves ob-
tained by the two methods basically coincides for the kerogen
samples (Fig. 11(b)). Since the PSD from WVA indicates the distri-
bution of hydrophilic pores (Zolfaghari et al., 2017b), it can be
further believed, combined with the results of this study, that hy-
drophilicity exists in the nanopores with different pore sizes of the
over-mature kerogen. and water vapor is mainly adsorbed on the
surface of small non-microporous pores(2e5 nm)in the shale. In
addition, the results (Fig. 11) also indicate that, due to the influence
of minerals, there are a large number of pores in the shale samples
where water molecules can enter but nitrogen molecules cannot
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Fig. 9. Variations in hysteresis loop sizes of shale (a) and kerogen (b) samples at different RH
and adsorption curves.
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(such as interlayer pores of clay minerals) (Yang et al., 2020a,
2020b; Gao et al., 2022). Therefore, combining the adsorption
process of water vapor and and nitrogen, it is quite useful to un-
derstand not only their PSD of shale samples, but also the hydo-
philicity of shale OM and mineral pores.
5.2. Effect of shale composition on water vapor adsorption

It is generally believed that the oxygen-containing functional
groups in shale clay minerals and OM are the main primary
adsorption sites (Bai et al., 2020), and water vapor can be adsorbed
by molecular layer and capillary condensation with a high binding
energy (Duan and Li, 2018; Sang et al., 2019), while the hydrophobic
organic pores and the sites upon the primary adsorption are the
main secondary adsorption sites (Wang et al., 2020a; Chen et al.,
2021b). Fig. 12(a) shows the positive relationships of TOC content
with the WVA capacities of q, q1 and q2 at RH ¼ 0.95 for the shale
samples, with R2 of 0.6456, 0.7778 and 0.5628, respectively, which
implicate that the OM in the over-mature shale is still an important
carrier in the process of primary and secondary adsorption of water
vapor at high RH. In addition, the correlation between TOC content
and q1 is better than that between TOC content and q and q2
(Fig. 12(a)), and the monolayer adsorption of water vapor in the
shale is positively correlated with TOC content (Fig. 12(b)). These
indicate that even in the over-mature stage of Lower Cambrian
shale in this study, the hydrophilic oxygen-containing functional
groups may still remain, so that with a significant monolayer water
vapor adsorption on the surface of OM pores (Xie et al., 2023). The
study from Bai et al. (2020) implicates that the primary adsorption
capacity will gradually increase with the decrease of pore sizes.
Therefore, the primary adsorption capacity of OM with abundant
micropores will increase with the increase of TOC contents. Previ-
ous studies have suggested that hydrophobic OM has little contri-
bution to the water vapor primary adsorption of shale (Sondergeld
et al., 2010; Odusina et al., 2011), but for the present study shale, the
strong correlation between the TOC content and the primary
adsorption capacity indicates the importance of OM on the primary
adsorption of shale, which may be neglected previously, at least for
over-mature shale.

Inorganic minerals (mainly clay minerals) in shale are generally
hydrophilic (Boyer et al., 2006; Borysenko et al., 2009), and pore
water mainly distributes in their pores (Passey et al., 2010;
Sondergeld et al., 2010; Korb et al., 2014; Li et al., 2016). However,
the WVA capacity of the shale in this study is negatively correlated
with the clay minerals content (Fig. 13), which does not mean that
the clayminerals have no contribution to theWVA. Considering the
obvious negative correlation between the TOC and clay mineral
(b)
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values. Hysteresis loop size is the difference of adsorption amount between desorption
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contents in the shale (Fig. 3(b)), this study further analyzed the
correlation between the clay minerals and the TOC-normalized
WVA capacity. The results show that the clay mineral content is
positively correlated with the TOC-normalized WVA capacity
989
(Fig. 13), indicating that the clay minerals also have a positive effect
on the water vapor adsorption. Similarly, considering the obvious
positive correlation between the TOC and quartz contents
(Fig. 3(a)), the relationships between the quartz content and the
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WVA capacities before and after TOC normalizationwere separately
investigated. As the results presented in Fig. 14, the quartz content
has a positively correlation with the WVA capacity before the TOC
normalization, but has a negative correlation with the WVA ca-
pacity after the TOC normalization, indicating that the contribution
of quartz to the water vapor adsorption of shale is negative, which
is similar to the Longmaxi Formation shale (Ge et al., 2020; Hou
et al., 2021; Cheng et al., 2022).

In order to further clarify the water adsorption property of
Lower Cambrian shale and kerogen in this study, the data of
Longmaxi Formation shale and kerogen (EqRo between 1.93% and
3.12%) reported in literatures were compared and analyzed. As
shown in Fig. 15, the water adsorption capacity of the samples
(shale and kerogen) in this study is significantly greater than that of
the Longmaxi Formation samples (shale and kerogen). This further
indicates that the strong water adsorption capacity of the shale in
this study should be related to the strong water adsorption capacity
of its OM.

With the increase of thermal maturation, the oxygen-containing
functional groups of OM in shale are gradually fall off, with a
decrease of the hydrophilicity (Hu et al., 2015, 2016). At the same
time, the OM will evolve into a stable and orederly chemical
structure, and finally transform into a layered graphite-like struc-
ture (Huang et al., 2018; Hou et al., 2019). When Ro arrives to
3.4e3.5%, there is a jump on the chemical structure of OM, with the
transformation from amorphous carbon to crystalline graphite, i.e.,
the extent of graphitization is significantly enhanced (Wang et al.,
2018, Wang and Li, 2018; Hou et al., 2019). In this study, the EqRo
of Lower Cambrian shale is between 3.45% and 3.49%, which is just
Table 7
Water vapor adsorption capacity of shale organic and inorganic nanopores.

Sample WVA capacity, mg/g A1 B1

Organic nanopores Inorganic nanopores

qOM q1-OM q2-OM qIM q1-IM q2-IM

1 3.41 0.33 3.08 7.10 0.98 5.85 32.45 67.55
2 3.26 0.30 2.96 9.12 0.98 7.81 26.33 73.67
3 4.61 0.66 3.94 4.30 0.80 3.20 51.71 48.29
4 3.79 0.41 3.36 6.31 1.24 4.79 37.54 62.46
5 7.63 0.80 6.79 5.38 1.37 3.59 58.64 41.36
6 10.42 1.12 9.22 6.17 0.76 5.11 62.81 37.19
7 10.26 1.21 8.97 5.64 0.98 4.52 64.55 35.45
8 1.35 0.11 1.18 8.44 1.21 6.96 13.78 86.22

Note: A1 is the ratio of WVA capacity of organic nanopores to that of bulk shale (%),
B1 is the ratio of WVA capacity in inorganic nanopores to that of bulk shale. The
WVA capacity of bulk shale is from Table 4.
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at this “jump point” of maturity, and the OM has been significantly
graphitized as presented in Fig. 2, while the maturity of the Long-
maxi Formation samples in Fig. 15 is significantly lower than this
point, and the OM has not been significantly graphitized. Previous
studies shown that the basal plane of graphitic carbon is hydro-
philic in nature (Kozbial et al., 2014; Liubov et al., 2018; Zhang et al.,
2022b), and the high hydrophilicity of graphite may originate from
the charge transfer between graphite and water molecules through
H-p interaction, with an average water contact angle of less than
30� (Zhang et al., 2022b). Therefore, the graphitization of OM in
shale will lead to the enhancement of its hydrophilicity, and the
very high maturity of the Lower Cambrian shale in the present
study should be the basic reason for the strong water adsorption
ability of its OM.
5.3. Water vapor adsorption capacity of organic and inorganic
pores

As mentioned aforehand, water vapor can be adsorbed into the
organic and inorganic pores in the shale. According to the WVA
capacities of the shale and kerogen, the WVA capacity in organic
and inorganic pores of the shale can be quantitatively evaluated
using the following calculation formula:

qOM ¼ qkerogen
TOCkerogen

� TOCkerogen (13)

qIM ¼ qshale � qOM (14)

where qOM, qkerogen, qIM and qshale are theWVA capacities of organic
matter, kerogen, inorganic matter and shale, respectively.

Using the same method as described above, the primary and
secondary adsorption capacity of kerogen can be converted into the
primary and secondary adsorption capacity of OM, i.e., q1-OM and
q2-OM, respectively, and then the q1-OM and q2-OM can be used to
further obtain the primary and secondary adsorption of minerals,
i.e., q1-IM and q2-IM, respectively. It should be noted that the external
surface adsorption of kerogen is not considered in these calcula-
tions, and the obtained WVA capacity of organic pores may be
greater than that in shale, but it can still provide a reference for
clarifying the WVA behavior of the organic and inorganic pores in
shale. The calculated results are all presented in Table 7.

Considering the obvious positive correlation between the TOC
content and WVA capacity of the shale (Fig. 12), the influence of
TOC contents on the WVA capacity in its OM and IM pores was
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further discussed by applying the calculation results in Table 7.
With the increase of TOC contents, the qOM of the shale increases
significantly, while the qIM gradually decreases (Fig. 16(a)). When
the TOC content is more than 2.70%, the qOM is larger than the qIM,
indicating that the water-holding capacity of organic pores in the
shale is slightly greater than that of inorganic pores at higher TOC
contents. For more details, with the increase of TOC contents, the
q1-OM and q2-OM increases significantly, while the q1-IM remains
basically unchanged and the q2-IM gradually decreases (Fig. 16(b),
(c)). When the TOC content is larger than 2.51%, the q2-OM is greater
than the q2-IM, and when the TOC content is larger than 3.62%, the
q1-OM is greater than the q1-IM (Fig. 16(b), (c)). These indicate that
water vapor may be preferentially adsorbed on oxygen-containing
groups or graphite-like structures on the surface of organic pores
under the condition of a higher TOC content, and the clustered
water mass and capillary condensate will also preferentially gather
in the OM pores. Comparingwith the TOC content corresponding to
the above three turning points in Fig. 16, the turning point of pri-
mary adsorption has a higher TOC content, which should be related
to the strong hydrophilicity and more hydrophilic sites of the
inorganic mineral itself. As pointed out above, the calculated WVA
value of organic pores is higher. Thus, the TOC content at the
turning point should be actually much greater.

According to the data in Tables 6 and 7, the distribution of
adsorbed water in the organic and inorganic pores was calculated.
An average of 44.39% of the adsorbed water is stored in the organic
pores of shale, of which the primary and secondary adsorption
account for 4.98% and 39.41%, respectively. An average of 55.61% of
the adsorbed water is stored in the inorganic pores of shale, of
which 9.29% is primary adsorption and 46.32% is secondary
adsorption. Therefore, for the studied shale, the WVA capacity in
the inorganic pores is averagely greater than that in the organic
pores. This should be related to its higher clay and lower TOC
contents (Table 1).

5.4. Effect of pore structure on water vapor capacity

The adsorbed water in shale occurs as a condensed state in
micropores, which is mainly controlled by the micropore volume
(Vmic), while it exists as an adsorbed phase in non-micropores,
which is mainly controlled by the non-micropores specific surface
area (Snon) (Borysenko et al., 2009; Charri�ere and Behra, 2010;
Zolfaghari et al., 2017b; Chen et al., 2021a; Sun et al., 2021; Xu et al.,
2022). Therefore, the effects of Vmic and Snon on WVA was investi-
gated for the studied shale.

Fig. 17(a) and (b) show that there are good positive correlations
between the shale pore structure parameters (Vmic and Snon) and its
total WVA capacity (q), primary adsorption capacity (q1) and sec-
ondary adsorption capacity (q2), which indicates that both the
micropores and non-micropores play an important role in the
water vapor adsorption behavior. Comparatively speaking, the Snon
of shale plays a major role in the primary adsorption since the R2

value of Snon vs. q1 (R2 ¼ 0.7542) is significantly larger than that of
Vmic vs. q1 (R2 ¼ 0.4344), while the secondary adsorption of the
shale is affected by the combination effect of Vmic and Snon based on
their similar R2 values with q2 (Fig. 17(a)e(b)). This shows that the
non-micropores of shale provide adsorption sites available for
water vapor monolayer adsorption as well as spaces for the
multilayer adsorption structures of water molecules significantly to
increase the water adsorption capacity. Both of the OM Vmic and
Snon have significant positive correlations with the shale q, q1 and q2
(Fig. 17(c)e(d)), while the IM Vmic and Snon have weak negative
correlations or no clear relationship with the shale q, q1 and q2,
respectively (Fig. 17(e)e(f)), which further indicate that the organic
pores in shale play a major role in its WVA.
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adsorption capacity (q, q1 and q2) of shale (RH ¼ 0.95, T ¼ 298.15 K).
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The adsorption behavior of water vapor in the organic and
inorganic pores of shale was further discussed by applying the data
in Tables 3 and 7 The results show that the OM Vmic and Snon are
strongly positively correlated with its WVA capacity (qOM, q1-OM
and q2-OM) (Fig. 18(a)e(b)), indicating that the micropores and
non-micropores all have an important contribution to the WVA
behavior of OM, and both of them have primary and secondary
adsorption. There is no correlation between the Vmic of IM and its
WVA capacity (Fig. 18(c)), while the Snon of IM shows a weak pos-
itive correlation with its WVA (Fig. 18(d)), indicating that the non-
micropores of inorganic minerals (especially clay minerals) make a
major contribution to its WVA, including primary and secondary
adsorption, which should be attributed to the fact that the clay
minerals mainly develop non-micropores (Yang et al., 2018).

5.5. Geological implications

In the Sichuan Basin and its surrounding areas, the gas in-place
(GIP) content of Lower Cambrian shale is commonly lower than
that of the Longmaxi Formation shale. Apart from the poor pres-
ervation conditions of the Lower Cambrian, which lead to contin-
uous leakage and diffusion of natural gas, its inherently higher
maturity is also a significant factor (Wang et al., 2014, 2020b; Zhao
et al., 2016; Dong et al., 2016). Excessively high maturity
(EqRo>3.0%e3.5%) will lead to the decrease of shale porosity and
the change of shale pore structure, thus reducing the reservoir
physical property of shale (Curtis et al., 2012; Chen and Xiao, 2014;
Zou et al., 2015; Xiao et al., 2015). In this study, through the WVA
study of Lower Cambrian over-mature shale from the Weiyuan
area, Sichuan Basin, and the comparison of its results with the data
of Longmaxi Formation shale reported in literatures, it was found
that the shale has stronger water adsorption capability, which may
be another important factor affecting the GIP content.

Quite a few studies show that the main EqRo range of Longmaxi
shale in the Sichuan Basin and its surrounding area is between 2.0%
and 3.0% (Nie et al., 2009; Wang et al., 2009, 2013b; Xiao et al.,
2015), without reaching the critical point of OM carbonization
(3.4%e3.5% EqRo), and the water adsorption of its OM is relatively
low (Sun et al., 2021). In contrast, the Lower Cambrian shale has a
higher maturity, with an EqRo value of 3.0%e4.5% in most areas
(Yan et al., 2016; Zhao et al., 2019; Li et al., 2022a). For the present
study shale, the average EqRo is 3.48%, and the OMhas already been
graphitized, with obvious hydrophilicity. It can be predicted that
the Lower Cambrian shale in the other areas of Sichuan Basin with
an EqRo>3.5% will have stronger graphite extent and hydrophilic-
ity, which is disadvantageous to shale gas storage.

On the other hand, according to the present study results, the
OM of Lower Cambrian shale has a stronger water adsorption
capability than the minerals, and the shale water adsorption ca-
pacity increases with increasing TOC content. This further impli-
cates that under poor preservation conditions, a high TOC content
does not mean a high adsorbed gas content or GIP content for the
Lower Cambrian shale with a very highmaturity. The exploration of
Lower Cambrian shale gas in Southern China also proves this point.
Here is an example. The TOC content of Lower Cambrian shale in
the Changning area of Sichuan Basin is between 2.0% and 5.94%,
with an average of 3.2%, and the EqRo is as high as 3.5%e4.2%, with
an average of 4.0%, The shale reservoir contains only a minor
amount of gas, with a GIP content of 0.0e0.8 m3/t (an average
0.65 m3/t), but has a high-water saturation (Zhao et al., 2016).
Therefore, for the evaluation and exploration of over-mature shale
gas, it is necessary to fully consider the OM graphitization extent
and water adsorption performance, as well as the occurrence and
distribution characteristics of adsorbed water in shale nanopores,
which would be an important factor affecting the GIP content.
993
6. Conclusion

Based on the study on the WVA characteristics, influencing
factors and mechanisms of Lower Cambrian over-mature shale and
its kerogen from the Weiyuan area, Sichuan Basin, the main con-
clusions are as follows.

(1) The WVA isotherms of shale and kerogen are type II, and
there are obvious hysteresis loops in the multilayer adsorp-
tion range. The kerogen has greater WVA capacity and hys-
teresis index than the shale, indicating that the shale OM is
relatively hydrophilic

(2) The shale OM has much strongerWVA capacity than the clay
minerals, leading to the TOC content has a main control on
the WVA capacity of shale. The extremely high maturity of
the shale (an average EqRo of 3.48%) with a significant
graphitization of OM is the main reason for its strong
hydrophilicity.

(3) The micropores and non-micropores of shale all play an
important role in WVA behavior. There are primary and
secondary adsorption in the OM micropores and non-
micropores, while the WVA in inorganic minerals is mainly
related to their non-micropores.

(4) For the Lower Cambrian shale reservoirs in southern China,
the TOC content and maturity jointly control the hydrophi-
licity, and then affect the GIP content, which should be highly
addressed in the shale gas exploration and development.
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