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a b s t r a c t

Shale gas is an important unconventional resource, and shale reservoirs typically contain both water and
gas fluids. Water can occupy the shale gas storage space, reduce the flow capacity of shale gas, and even
completely seal off the shale gas. When the shale develops an effective sealing capacity, the water satu-
ration of the shale reaches a threshold value which can be measured using physical simulation experi-
ments. However, limited research has been conducted on the quantitative calculation of critical water
saturation. In order to obtain the critical water saturation of shale, this paper proposes a theoretical
calculation method to estimate the critical water saturation of shale based on DLVO (Derjaguin-Landau-
Verwey-Overbeek) theory. Two shale samples from the Longmaxi Formation in the Sichuan Basin with
different total organic carbon (TOC) were selected for gas adsorption experiments to characterize the pore
structure of the organic matter and inorganic matter of the shale. Based on the established theoretical and
geological models, the critical water film thickness and critical water saturation of pores with different
pore sizes were calculated. Taking the boundary conditions into account, the critical water saturation of the
two shale samples was ultimately determined. The results showed that inorganic pores occupied 81.0% of
the pores of the shale with a TOC of 0.89%, and their dominant pore sizes were dominated by mesopores
around 40 nm; inorganic pores occupied 48.7% of the pores of the shale with a TOC of 4.27%, and their
dominant pore sizes were dominated by micropores and mesopores around 0e20 nm and 40 nm. As the
pore size increased, the corresponding critical water film thickness also increased, and the critical water
saturation was normally distributed in the pore size range centered at about 10 nm. The distribution of
critical water saturation in inorganic pores with different pore sizes was in the range of about 63%e76%,
and the critical water saturation of shale with a TOC of 0.89% and shale with a TOC of 4.27% were calculated
to be 41.7% and 32.7%, respectively. The method proposed in this study accurately calculates the critical
water saturation of shale and effectively distinguishes the differences critical water saturation between
shales with different TOC. Further, shale gas reservoirs can be finely characterized by comparing with the
original water saturation of shale layers. This study is of great scientific significance to shale gas exploration
and development, and even to the field of CO2 geological storage.
© 2025 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 license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Shale formation is a very important source of energy, not only
because it is a hydrocarbon source rock, but also it can be used as a
reservoir for hydrocarbons (Cai et al., 2023; Hu et al., 2024; Liu
).
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has gradually increased its share in the energy consumption
structure (Xue et al., 2023). The Longmaxi shale is an important
shale gas reservoir and is considered to have no water content or
ultra-low water saturation characteristics, resulting in little atten-
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for fine-grained sediments has always been a focus and difficulty of
research, which is of great significance for shale physical property
evaluation and shale gas exploration and development (Wang et al.,
2021; Zhu et al., 2022, 2023). Due to the presence of water, the
storage and seepage behavior of methane gas in shale is signifi-
cantly affected (Guo et al., 2023, 2024). Previous studies have
shown that the methane adsorption capacity of shale under water-
bearing conditions will decrease by 40%e90% (Ross and Bustin,
2009; Gasparik et al., 2014; Li et al., 2016a), and the permeability
will decrease by 10%e90%, compared with water-free conditions (Li
et al., 2015; Tan et al., 2021). When the water saturation is higher
than a certain value, which generally called the critical water
saturation, the gas flow ability will be completely restricted. This
phenomenon has been confirmed in many gas-water two-phase
seepage experiments. Zhang's study pointed out that there exists a
critical water saturation in shale, and when the shale water satu-
ration reaches the critical value, the largest connecting pore throats
in the shale pore network are blocked by water, and the break-
through pressure of shale will be steeply increased, thus the gas
will be effective sealed by the shale (Fig. 1) (Zhang and Yu, 2016,
2019). However, the critical water saturation of shale obtained
through physical simulation experiments has significant uncer-
tainty and requires a significant amount of time, samples, and
experimental funding, and few studies have been reported on the
quantitative calculation of the critical water saturation of shale.

There are many methods, such as centrifugal-NMR (Nuclear
magnetic resonance) experiment, MDS (Molecular dynamics
simulation) and DLVO method, to study the micro-distribution
characteristics of water in shale gas pores. The centrifugal-NMR
can be used to distinguish the adsorbed water and bound water
content in shale, but it is not applicable to the concept of critical
water saturation in this study (Li et al., 2019, 2023, 2024; Jiao et al.,
2025). MDS can effectively study fluid behavior in nanopores and
has good visualization effects, but it can usually only be calculated
in very small pore sizes (usually only a few nanometers), and the
establishment of molecular models involves subjectivity (Yu et al.,
2019, 2021; Xu et al., 2020). The water film theory is an effective
method to study the distribution behavior and characteristics of
water at the nanoscale. The famous DLVO theory was proposed by
Derjaguin and Landau (1941), and Verwey and Overbeek (1948).
There is an interaction force between a thin film of water on the
surface and the solid surface, called the disjoining pressure PðhÞ.
Disjoining pressure is a major factor in determining the thickness
and stability of a thin water film and usually consists of three
components: intermolecular forces, electrostatic forces, and
structural forces (Derjaguin et al., 1987). Combining the disjoining
pressure and Kelvin thermodynamic equations, the relationship
between humidity and water film thickness can be established
when water undergoes capillary condensation in pores of different
pore sizes, thus the relationship between the water film thickness
Pores
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Fig. 1. Schematic diagram of water filling process in rock pores (Modified from Zhang
et al. (2019))
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and thewater saturation of shale can be further established (Nikolai
et al., 2000; Li et al., 2017). The residual water film thickness of
different pore size pores after being displaced by gas can be well
described by the capillary force equation and disjoining pressure
equation, so as to understand the distribution characteristics of
adsorbed water film in shale. In addition, the water film theory has
also been applied to the study of CO2 gas sequestration. Tokunaga
(2012) predicted that the water film thickness of adsorbed water
in CO2 gas reservoirs is usually less than 10 nm, and Zhao (2021)
computed the water film thicknesses in pores of different sizes,
which revealed that the CO2 transport behavior under geologic
reservoir conditions has a water film thickness dependence and
provide useful information for reservoir and cap layer optimization
and evaluation of CO2 storage effectiveness.

It is well known that shale is an organic-inorganic complex that is
extremely inhomogeneous (Curtis et al., 2011). The distribution of
water in shale is particularly complex, influenced by the wettability
of different components. In general, the distribution ofwater in shale
is mainly influenced by inorganic minerals, especially clay minerals.
Clay minerals are usually negatively charged to varying degrees, and
the interaction between water molecules with polarity and clay
minerals is much stronger than that between water molecules and
organic matter due to hydrogen bonding and electrostatic forces (Li
et al., 2016b; Yang et al., 2020). On the contrary, high-maturity
organic matter of Longmaxi shale is hydrophobic. The ability of
organic matter to adsorb water usually depends on the presence of
hydrophilic functional groups. The density of functional groups on
the surface of organic matter decreases significantly with increasing
thermal maturity. The oxygen-containing functional groups of
organic matter in high-maturity shales are almost completely de-
tached, and the organic matter surface lacks active adsorption sites
and may be covered by hydrophobic asphalt; therefore, it is gener-
ally believed that it is difficult for water to enter the organic pore
space of these high-maturity shales (Hu et al., 2014, 2015; Cheng
et al., 2022). Although more and more studies suggest that a
certain amount of water may still be present in the organic pores of
high-maturity shales (Clarkson and Bustin, 2000; Charri�ere and
Behra, 2010; Gu et al., 2016; Cheng et al., 2018; Zou et al., 2020;
Xing et al., 2024), since the formation of organic matter pores
accompanied by hydrocarbon production and expulsion carries
water out of the organic pores, the trace amount of water inside the
organicmattermay not be able to stay in real situations (Cheng et al.,
2019; Wang et al., 2022; Gao et al., 2022; Wu et al., 2023).
2. Theory

2.1. DLVO theory

2.1.1. Intermolecular force
The intermolecular force mainly includes orientation, induced

and dispersion forces, which can be manifested as either gravita-
tional or repulsive forces, and their direction is related to the po-
larity of the solid-liquid molecules. The formula for calculating the
van der Waals force between different geometrical models is
different, and the formula for the van der Waals force between two
parallel interfaces is given by Eq. (1) (Gregory, 1975):

PmðhÞ ¼ �
Agws

�
15:96

h
l
þ 2

�

12ph3
�
1þ 5:32 h

l

�2 (1)

where PmðhÞ is the van der Waals force, MPa; Agws is the Hamaker
constant for gas-liquid-solid three-phase interaction, J; h is the



C.-X. Wan, X.-S. Guo, B.-J. Shen et al. Petroleum Science 22 (2025) 1876e1888
water film thickness, nm; l is the wavelength of molecular force,
nm.

The Hamaker constant is important for the calculation of
intermolecular forces, which represent the interaction energy be-
tween multiphase substances. The Hamaker constant can be
calculated by simplifying Eq. (2) (Hough and White, 1980; Prieve
and Russel, 1988).

A132z
� ffiffiffiffiffiffiffiffi

A11
p

�
ffiffiffiffiffiffiffiffi
A33

p �� ffiffiffiffiffiffiffiffi
A22

p
�

ffiffiffiffiffiffiffiffi
A33

p �
(2)

where A132 is the Hamaker constant for the interaction of three
different media systems, which is Agws in this paper, J; A11 is the
Hamaker constant for gas/gas in vacuum, J; A33 is the Hamaker
constant for water/water in vacuum, J; A22 is the Hamaker constant
for solid/solid in vacuum, J. The object of this paper is Longmaxi
shale, so the three-phase system is methane-water-shale (quartz or
clay minerals).

In addition, the Hamaker constant consists of both zero and high
frequency components (Eq. (3)). The magnitude of the Hamaker
constant depends mainly on the static dielectric constant and
refractive index of the substance.

A131 ¼ Av¼0 þ Av>0 ¼ 3
4
kT

�
ε1 � ε3

ε1 þ ε3

�2
þ 3hve
16

ffiffiffi
2

p
�
n21 � n23

�2
�
n21 þ n23

�3=2
(3)

where Hamaker constant A131: the same substance 1 mediates the
interaction of substance 3 (substance 3 mediates between two sub-
stances l), J; Av¼0: zero-frequency Hamaker constant, J; Av>0: high-
frequency Hamaker constant, J; ε: static dielectric constant, F/m;
h: Planck's constant, taken as 6.63 � 10�34 J ,s; n: refractive index.

Under room temperature conditions (T ¼ 298.15 K and
P ¼ 0.1 MPa), Aggz0 J, Awwz3.67 � 10�20 J and Assz2.0 � 10�19 J
can be calculated by Eq. (3). Further, according to Eq. (2), the value
of Agws is approximately �4.9 � 10�20 J.
2.1.2. Electrostatic force
Electrostatic force is a long-range force. The limiting distance of

the range of electrostatic force is the Debye length, and electrostatic
force is generated by the interaction between charged surfaces,
which is closely related to the structure of the double electric layer
at the interface of the medium (Israelachvili, 2011). The electro-
static force formed by the interaction of two planes with a low
constant potential in a 1:1 electrolyte solution is given by Eq. (4)
(Hua et al., 2015; Gregory, 1975; Zeng et al., 2020):

PeðhÞ ¼
2ε0εk2

h�
eþkh þ e�kh

�
j1j2 �

�
j2
1 þ j2

2
� i

�
eþkh � e�kh

�2 (4)

where PeðhÞ is the electrostatic force, N$m�2; h is the thickness of
the water film, m; ε0 is vacuum/absolute dielectric constant, taken
as 8.85 � 10�12 F/m; ε: dielectric constant of water, F/m; j: surface
potential, V; k�1: Debye length, m; e: electron charge, taken as
1.602 � 10�19 C.

The Debye length is given as:

k�1 ¼
�
z2ε0εkBT

.
2r∞e2

�1=2
(5)

where k�1 is the Debye length, nm; z is the solution ion valence
state; kB is Boltzmann's constant, taken as 1.381 � 10�23; r∞ is the
cation concentration per unit volume of solution, number/m3.

The key parameters in the electrostatic force formula are the
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Debye length and surface potential. The calculation of the Debye
length needs to know the cation concentration in the aqueous so-
lution, and the main type of Longmaxi shale formation water is
NaCl type, so monovalent cations dominate in the shale formation
water. By converting the mineralization of formation water from
PY1 and PY3 wells with good preservation conditions, the cation
concentration obtained was between 0.4 and 0.8 (Zhang et al.,
2021). In this paper, the cation concentration of aqueous solution
was taken as 0.5 M, so the length of Debye at room temperature in
this system was 0.43 nm. The surface potential of inorganic min-
erals is only slightly higher than ±35mV in high concentration NaCl
solutions (10�3e10�2 M) (Hunter and Wright, 1971; Hunter, 1981),
and the surface potential typically reaches its minimumvaluewhen
the ion concentration exceeds 0.3 M (Vinogradov and Jackson,
2015). Referring to the studies of Rodríguez and Araujo (2006)
and Vinogradov and Jackson (2015) on the surface potential of
inorganic minerals in different electrolyte solutions, in this paper
the solid-liquid surface potential is taken to be �10 mV. The same
law exists for the potential at the gas-liquid interface, so the gas-
liquid surface potential is taken to be �20 mV according to the
results of the study of the surface potential of NaCl solution by Li
(1991).
2.1.3. Structural force
Structural force is a short-range force that can be either repul-

sive or gravitational, depending on the wettability of the solid
surface. It mainly acts on the thickness of a few molecular layers
closest to the solid surface. This force is usually thought to be
related to hydrogen bonding in water molecules. In this study, the
interaction of the charges on the surface of polar minerals (e.g., clay
minerals) on the shale surface with the hydrogen bonding of the
water molecules results in the directional arrangement of thewater
molecules close to the shale surface to form a layer of strongly
bound water molecules, which in turn has some effect on the
thickness of the water film. The structural forces can be calculated
by the semi-empirical Eq. (6) (Churaev, 1995):

PsðhÞ ¼ Ke�
h
l (6)

where PsðhÞ is the structural force, MPa; K is the solid surface
correlation coefficient, taking the value related to the wetting
angle, dyn/cm2, when the wetting angle is less than 20�, K > 0,
when the wetting angle is 20�e40�, Kz 0, when the wetting angle
is more than 40�, K < 0; l is the characteristic length of the water
molecule, 1e2 nm. Referring to the study of Li et al. (2017) on the
structural force of the water film in the Longmaxi shale, the solid
surface correlation coefficient is taken as 1.5� 107 Pa, and thewater
molecule characteristic length is taken as 1 nm. The relevant pa-
rameters and values are listed in Table 1.
2.2. Theoretical calculation models

2.2.1. Flat surface
The simplest water film model is a thin water film on a flat

surface (Fig. 2(a)), and the interaction force between the thickness
of the thin water film and the solid surface can be quantified
calculated by the disjoining pressure PðhÞ. In general, the effective
disjoining pressure on a flat surface is the combined force of three
forces (Derjaguin et al., 1987), given by Eq. (7):

PflatðhÞ ¼ PmðhÞ þPeðhÞ þPsðhÞ (7)

where PflatðhÞ is the disjoining pressure of water film on flat sur-
face, MPa.



Table 1
Relevant parameters of disjoining pressure and simulation process.

Parameter Symbol Unit Value

Temperature T K 298.15
Pressure P MPa 0.101
Wavelength of molecular force l nm 100
Static dielectric constant of gas εg F/m 1.00083
Refractive index of gas ng Dimensionless 1.00041
Static dielectric constant of liquid εl F/m 82.1117
Refractive index of liquid nl Dimensionless 1.33776
Planck's constant h J$s 6.63 � 10�34

Electronic absorption frequency ve s�1 3 � 1015

Hamaker constant for gas/gas in vacuum Agg J 0
Hamaker constant for water/water in vacuum All J 3.67 � 10�20

Hamaker constant for solid/solid in vacuum Ass J 2.0 � 10�19

Hamaker constant for the interaction of methane-water-shale system Agws J �4.9 � 10�20

Vacuum/absolute dielectric constant ε0 F/m 8.85 � 10�12

Debye length k�1 nm 0.43
Electron charge e C 1.602 � 10�19

Solution ion valence state z Dimensionless 1
Boltzmann's constant kB Dimensionless 1.381 � 10�23

Cation concentration per unit volume of solution r∞ number/m3 3.011 � 1026

Surface potential of solid-liquid j1 mV �10
Surface potential of gas-liquid j2 mV �20
Solid surface correlation coefficient K Pa 1.5 � 107

Characteristic length of the water molecule l nm 1
Gas-water surface tension s N/m 0.073
Contact angle q � 0

h

(a) (b) (c) (d)
h

Fig. 2. Schematic diagram of water film in different models and capillary water in slit pore.
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2.2.2. Capillary pores
Fig. 2(c) characterizes the distribution of the water film inside a

capillary pore, where h is the water film thickness and r is the
capillary radius. Unlike the water film on a flat surface (Fig. 2(a)),
the water film inside a capillary pore exhibits a curved liquid sur-
face. Therefore, the water film is subject to an additional capillary
force Pc in addition to the disjoining pressure. It should be noted
that the additional capillary force is the capillary force formed by
the curved liquid surface, not the capillary force formed by the
column surface. Also, the disjoining pressure becomes r/(reh)P(h)
instead of P(h) (Davide and Victor, 2012).

Therefore, the effective disjoining pressure within the circular
tube hole model can be calculated by Eq. (8):

PtubeðhÞ ¼
r

r � h
PflatðhÞ þ Pc ¼ r

r � h
PflatðhÞ þ

s cos q
r � h

(8)

where PtubeðhÞ is the disjoining pressure of water film inside the
capillary pore, MPa; s is the gas-water surface tension, mN/m; q is
the contact angle, degree.

2.2.3. Slit pores
Fig. 2(b) characterizes the distribution of the water film in a slit

pore, where h is the water film thickness and H is the width of the
slit pores. The disjoining pressure on thewater film adsorbed on slit
pores is more complex. The analysis of the disjoining pressure on
the water film shows that in addition to the interaction force
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between the water film and the wall on the same side, there is also
the interaction force between the water film and the wall on the
other side and thewater film on the other side (Tuller et al., 1999; Li
et al., 2016b). Therefore, the calculation formula for the disjoining
pressure applied to the water film in slit pores is as follows:

PslitðhÞ ¼ P1ðhÞ þP2ðhÞ þP3ðhÞ (9)

P1ðhÞ ¼ Pm
�
Agws; h

�þPeðhÞ þPsðhÞ (10)

P2ðhÞ ¼ Pm
�
Agws;H � h

�
(11)

P3ðhÞ ¼ �Pm
�
Awgw;H � 2h

�
(12)

where P1ðhÞ is the interaction force between water film and the
wall on the same side, MPa; P2ðhÞ is the interaction force between
the water film and the wall on the opposite side, MPa; P3ðhÞ is the
interaction force between the water film and the opposite side
water film, MPa. The intermolecular forces of P1ðhÞ and P2ðhÞ are
all the disjoining pressure between the wall and the water film,
which is manifested as gas-liquid-solid three-phase action and the
Hamaker constant is Agws. The intermolecular force of P3ðhÞ is the
interaction force between the two water films, which is a liquid-
gas-liquid interaction with the Hamaker constant of Awgw.
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2.3. Stability of water film

As the thickness of the water film in the pore space increases,
the distance between the water films will become smaller and
smaller, and the forces between the water films will become larger
and larger. When the interaction forces within the system cannot
maintain the structure of the water film, the water film suddenly
loses its stability and capillary condensation occurs immediately
(Derjaguin and Churaev, 1992; Tuller et al., 1999; Zhang et al.,
2017a) (Fig. 2(d)). When water film undergoes capillary conden-
sation to form capillary water, the derivative of disjoining pressure
on water film thickness is zero (Iwamatsu and Horii, 1996; Churaev
et al., 2000; Bucior, 2004; Yu et al., 2019). It corresponds to the
inflection point of the correlation curve between disjoining pres-
sure and water film thickness:

vPðhÞ
vh

¼ 0 (13)

Therefore, the thickness of the water film when capillary
condensation occurs is the critical water film thickness, and the
corresponding water saturation is the critical water saturation.

3. Material and method

3.1. Sample information

The two sets of samples in this paper are selected from fresh
cores of typical shale gas wells of the Silurian Longmaxi shale
Formation in southern Sichuan. They are respectively selected from
the upper and lower shale layers of the Longmaxi Formation gas
bearing shale. TOC is one of the most important geological pa-
rameters of shale. TOC data were obtained by the standard of GB/T
19145-2003. 1 g of 200 mesh powder samples were prepared for
acid treatment by hydrochloric acid at 80 �C for 2 h. After the car-
bonate minerals and HCl were almost completely reacted, the
samples were placed in a dry pan, the residual HCl was washed
away with distilled water, and the samples were put in a thermo-
stat at 80 �C for 24 h. Finally, the TOC were tested in a LECO CS-200
carbon and sulfur analyzer. XRD testing is also essential for shale.
The fragments of N1 and N2 samples were manually ground to 200
mesh and coated on a glass slide for XRD analysis. Then, based on
TOC and XRD data, the lithofacies types of shale can be identified.
The basic information of the samples is shown in Table 2.

3.2. FE-SEM

FE-SEM is used to visualize the pore morphology characteristics
in the shale, so as to establish a more accurate pore geological
model of the shale. The observation of pores and microstructure of
N1 and N2 samples is carried out through FE-SEM. Shale samples of
approximately 1 cubic centimeter need to be prepared in advance.
After polishing and Au powder covering treatment, the surface of
shale can be observed under scanning electron microscopy. Finally,
the pore structure of shale can be qualitatively or quantitatively
characterized through high-resolution scanning electron micro-
scopy photos.
Table 2
Basic information of shale samples.

Sample number TOC, % Clay, % Silicious, % Carbonate, % Lithofacies

N1 0.89 54 46 0 Clay shale
N2 4.27 19 67 14 Siliceous shale

1880
3.3. Preparation of kerogen

Shale is an organic-inorganic complex, and the distribution
characteristics of water in organic and inorganic pores differ
significantly. In order to calculate the critical water saturation of
shale more accurately, it is necessary to distinguish the organic and
inorganic components in shale. The organic components in shale
can be obtained separately by the kerogen preparation technique,
and the preparation process refers to GB/T19144-2010. Firstly, the
shale samples were finely crushed to coarse grain size (18e35
mesh). Then, the samples were subjected to acid treatment using
hydrochloric acid and hydrofluoric acid on a case in auto processor,
followed by alkaline treatment using sodium hydroxide solution.
For the Longmaxi shale, pyrite treatment with hydrochloric acid
and arsenic-free zinc grains is also added. Finally, heavy liquid
flotation is accomplished in a centrifuge. It should be worth noting
that soluble organic matter will also occupy part of the pore space.
Thus, in order to ensure the true pore structure of the organic
matter, the operation of chloroform extraction of organic matter is
omitted in this paper.
3.4. CO2 and N2 gas adsorption

The pore volumes of micropores (<2 nm), mesopores
(2e50 nm), and some macropores (>50 nm) of shale can be
quantitatively characterized by CO2 and N2 gas adsorption experi-
ments. The samples were crushed into grains of about 60 mesh size
before conducting experimental testing. Based on the range of
different pore spaces that carbon dioxide and nitrogen gas mole-
cules can enter, combined carbon dioxide and nitrogen gas
adsorption experiments can effectively characterize the pore
structure characteristics of micropores, mesopores, and some
macropores.
3.5. Technology workflow

In this paper, a new method for calculating the critical water
saturation of shale is proposed. For water-bearing shale, it is first
necessary to establish a geologic model of water-bearing shale,
which contains the organic-inorganic pore system of shale and
takes full account of the distribution characteristics of water, and
then the geologic model will be established. On the basis of the
geological model, the critical water saturation of pores and shale
samples can be quantitatively calculated (Fig. 3). Firstly, the critical
water saturation in the pores with different pore sizes can be
calculated according to the DLVO theory, and then the pore size
distribution characteristics of the shale and its corresponding pore
size distribution characteristics of the organic matters can be ob-
tained by the kerogen preparation technique and the gas adsorp-
tion experiments of CO2 and N2. After the gas adsorption curves of
the kerogen samples were standardized, the pore size distribution
characteristics of the inorganic pores in the shale and the per-
centage of the inorganic pore volume could be obtained based on
the gas adsorption curves of the shale samples and the gas
adsorption curves of the standardized kerogen samples. Then, the
critical water saturation of the inorganic pores of the shale samples
can be obtained by combining the pore size distribution charac-
teristics of the inorganic pores and the calculation results of the
critical water saturation of every single pore. Finally, according to
the percentage of inorganic pore volume, the critical water satu-
ration of shale samples can be obtained.
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4. Results and discussion

4.1. Morphological characteristics of pores and geological modeling

4.1.1. Morphological characteristics of pores
The organic and inorganic components of shale can be distin-

guished by binarization processing in the pictures (Fig. 4(a), (b), (e),
(f)). There is a clear difference between the percentage of organic
and inorganic fractions in the two groups of shale simples under
the large field of view. The organic matter content of N2 sample is
significantly higher than that of N1 sample. After the scanning
electron microscope images were binarized, it was found that the
proportion of organic matter of N1 was 0.50% and that of N2 was
5.04% (Fig. 4(b)e(f)). The proportion of organic matter of N2 was
about 10 times of N1, and this great difference may lead to a very
different distribution of water in the two shale samples.

In addition, a large number of organic and inorganic pores can
be observed in a small field of view. Organic pores are intra-
granular pores developed inside the organic matter of shale
which are usually easy to recognized. A large number of
honeycomb-like bubble pores, mainly circular and elliptical, with
pore diameters ranging from a few nanometers to hundreds of
nanometers, can be observed in N2 samples (Fig. 4(g)), presenting
the phenomenon of large pores over small pores, which is a type of
pore with the best connectivity. Organic pores can also be observed
in the N1 sample, and the pore morphology is also dominated by
(a) (b)

(e) (f)

Fig. 4. FE-SEM photos of shale samples. (a) and (b) are original and corresponding binarized
simple. (c) and (g) are organic pore photos of N1 and N2 simples. (d) and (h) are inorganic
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round and oval shapes, but there are not many organic pores
(Fig. 4(c)), which may be due to the fact that the TOC of the N1 is
very low, and thus the hydrocarbon generation ability is weak,
resulting in the development of organic pores in the N1 sample is
not as good as that of the N2. The inorganic pores mainly include
intergranular pores, intragranular pores and microcracks. The
inorganic pores that can be observed under the microscope are
mainly developed in clay minerals, and due to the laminated
structure of clay minerals, a large number of slit-like pores are
developed between the clay minerals as well as within the layers of
clay minerals (Fig. 4(d)e(h)). Some irregular intra-granular disso-
lution pores (Fig. 4(h)) were also observed in other detrital particles
(possibly carbonate minerals such as feldspar or calcite), as well as
the development of microcracks that can be observed between
some brittle mineral particles (Fig. 4(d)e(h)).

4.1.2. Geological models of water-bearing shale
In order to calculate the critical water saturation of shale, we

need to establish a simplified geologic model of water-bearing
shale. First, through scanning electron microscopy observation, it
can be found that the organic matter pores of shale are mainly
round and elliptical in shape. The inorganic pores include slit pores,
dissolution pores, and microcracks, which are dominated by slit
pores in clay minerals. Therefore, the morphological characteristics
of organic and inorganic pores in shale can be simplified to capillary
pores and slit pores (Fig. 5), which can be well applied to the
Organic pore

Organic pore

Inorganic pore

Dissolution pore

Microcrack

Inorganic pore

Microcrack

(c) (d)

(g) (h)

photos of N1 simple. (e) and (f) are original and corresponding binarized photos of N2
pore and microcrack photos of N1 and N2 simples.
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theoretical model of water film thickness.
Second, the distribution pattern of water also needs to be

considered. Kelvin's thermodynamic equation shows that water
usually condenses preferentially in small pores and then aggregates
in large pores, meanwhile, water is mainly distributed in the pores
of hydrophilic clay minerals; and lastly, due to the fact that organic
matter requires water consumption for hydrocarbon generation,
and at the same time, the oil and gas generated during the hy-
drocarbon generation process will carry water outward (Xue et al.,
2015), the percentage of water in the organic matter will be ignored
in our study. Molecular simulation studies have shown that only a
small amount of water in shale aggregates on the surface of kerogen
in Longmaxi shale to form unstable clusters, and when methane
flows, it will move to the surface or port of clay minerals and fuse
with water in inorganic pores (Huang et al., 2024). Meanwhile,
previous studies have analyzed through experiments that only 30%
of the organic micropores in the Longmaxi shale may containwater
(Cheng et al., 2018, 2019, 2022). According to the pore structure
data of the samples in our study, it is calculated that the average
water saturation of organic pores in shale is only 4.58%. Therefore,
the water in the organic pores of shale can be ignored. With the
above principles, a simplified geologic model of water-bearing
shale was developed. As shown in Fig. 6, there are organic and
inorganic pores of different pore sizes in the shale geologic model.
It is assumed that there is no water in organic pores. And, in the
case of inorganic pores, the presence of water in micropores is in
the form of capillary water due to capillary condensation, while the
presence in macropores is in the form of water film. The inorganic
pore porous model consists of multiple inorganic pore single pore
models. Since the critical water saturation varies in pores with
different sizes, the critical water saturation of the porousmodel and
the shale model can be obtained by weighted summation.
4.2. Pore structure characteristics

4.2.1. Pore size distribution
The pore size distribution curves of total pores, organic pores
Fig. 5. Simplified schematic diagram of pore m
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and inorganic pores of the two groups of samples were obtained by
CO2 and N2 gas adsorption experiments and kerogen preparation
technique (Fig. 7). It is worth noting that the gas adsorption
experiment results of kerogen need to be corrected with TOC in
order to be comparedwith the gas adsorption experiment results of
shale samples. The pore size distribution characteristics of the two
groups of shale samples are obviously different. The pore size dis-
tribution curve of the total pore space of the N1 shale sample has a
primary peak and a secondary peak, the range of the primary peak
is around 40 nm, and the range of the secondary peak is about
10e20 nm (Fig. 7(a)). The N1 sample is dominated by pores around
40 nm. The pore size distribution curve of the total pores of the N2
shale sample is a bimodal characteristic, and the distribution range
of the two peaks is the same as that of the N1 shale sample. But the
pores of 10e20 nm as well as the pores around 40 nm are both the
dominant pores of the N2 shale sample (Fig. 7(d)). The pore dis-
tribution characteristics of organic matter in N1 shale sample
exhibit obvious unimodal characteristics. From the distribution
curve of the organic matter pores, there is only one obvious peak at
around 40 nm in the N1 sample (Fig. 7(b)), while the pore size
distribution of organic pores in N2 shale samples exhibits the same
bimodal characteristics as the total pores of shale. But the height of
the peak is significantly higher than that of the N1 sample
(Fig. 7(e)). On the one hand, shale with higher TOC develops more
organic pore volume. On the other hand, more micropores and
smaller mesopores developed in the shale with higher TOC. This
indicates that the value of TOC of shale not only affects the size of
the organic pore volume, but also affects the developmental char-
acteristics of the organic pores. The difference between the total
pores of shale and organic pores size distribution curves is the pore
size distribution curve of inorganic pores (Fig. 7(c)e(f)). The inor-
ganic pore size distribution curves of both samples show bimodal
characteristics with inorganic pores of sample N1 being more
developed relative to N2. But in the same way, inorganic micro-
pores and smaller inorganic mesopores seem to be more predom-
inant in sample N2, suggesting the synergistic evolution of the
inorganic pores with the organic pores. It is worth noting that the
D

H

orphology for organic and inorganic pores.
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Fig. 6. Geological models of organic and inorganic pores of water-bearing shale.
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Fig. 7. Pore size distribution map. (a), (b) and (c) are pore size distribution curves of total pores, organic pores and inorganic pores of N1 samples. (d), (e) and (f) are pore size
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values of several data points in the organic pore size distribution
curve are slightly smaller than the values of the corresponding data
points of total pores, whichmight be an error caused by the process
of processing the sample and adsorption data. In this case, we have
taken the default value of 0. Based on the inorganic pore size dis-
tribution curves, we can calculate and weight the critical water
saturation of each inorganic pore.
4.2.2. Percentage of organic and inorganic pores
The critical water saturation of shale can be obtained by

combining the critical water saturation of inorganic pores and the
pore volume percentage of inorganic pores. The pore volume per-
centage of inorganic pores was obtained from the cumulative pore
volume curves of the shale samples and their OM samples. Inor-
ganic pores dominate the N1 sample with lower TOC, in which the
1883
organic pores accounted for 19.0% and the inorganic pores
accounted for 81.0% (Fig. 8(a)). Compared with the N1 sample, the
organic pores in the N2 sample accounted for a higher percentage
of pore volume. The organic pores and inorganic pores accounted
for 51.3% and 48.7% (Fig. 8(b)). In addition, the TOC of the shale
directly affected the development of the total pores and organic
pores volume of the shale while it did not have a significant effect
on the development of inorganic pores. The total pores volume of
the N1 sample was 0.0125 cm3/g, with an organic pores volume of
0.0024 cm3/g and an inorganic pores volume of 0.0101 cm3/g, while
the total pores volume of N2 sample is 0.0275 cm3/g, with an
organic pores volume of 0.0141 cm3/g, and the inorganic pores
volume is 0.0134 cm3/g. The difference in total pores volume be-
tween N1 and N2 samples is mainly caused by organic pores, which
contribute 78%, and the variation of inorganic pores is small. The
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differences in pore structure are likely to lead to differences in the
occurrence of water in the pores, so the critical water saturation of
shale samples with different TOC should not be the same.

4.3. The critical water saturation of single pores

Combining the wettability differences between organic and
inorganic pores of shale, water distribution characteristics, and the
process of hydrocarbon generation and drainage, the slit pore
model is chosen to calculate the critical water saturation for each
inorganic pore. And the water saturation of organic pores is
defaulted to zero. First, the thicknesses and disjoining pressures of
water film in the slit pores with different sizes can be calculated by
associating Eqs. (1)e(7) and Eqs. (9)e(12). Then, the critical water
film thickness when capillary condensation occurs in the inorganic
slit pores of different apertures can be derived from Eq. (13), and
further, the critical water saturation of the slit pores of different
apertures can be obtained by the volume proportion critical water
film thickness. As shown in Fig. 9(a), although the water film dis-
joining pressure in the plane always decreases with the increase of
the water film thickness, there is an inflection point of the water
film disjoining pressure in the slit poremodel. This is because as the
water film gradually thickens, the interaction force between the
water film and pore wall in the same side gradually weakens, and
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the interaction force with the wall and water film in the opposite
side gradually increases, ultimately leading to the loss of water film
stability. The water film in the slit pores of different pore sizes will
lose its stability when it reaches a certain thickness, and then
immediately form the capillary condensation phenomenon. The slit
pores of different pore sizes have their own critical water film
thickness and critical water saturation. For example, the critical
water film thickness is 0.65 nm and critical water saturation is 65%
in 2 nm pore (Fig. 9(b)); the critical water film thickness is 1.8 nm
and critical water saturation of 72% in 5 nm pore (Fig. 9(c)); the
critical water film thickness is 3.8 nm and critical water saturation
of 76% in 10 nm pore (Fig. 9(d)); the critical water film thickness is
7.3 nm and critical water saturation of 73% in 20 nm pore (Fig. 9(e))
and the critical water film thickness is 16 nm and critical water
saturation of 64% in 50 nm pore (Fig. 9(f)).

In general, as the pore size of the inorganic pores increases, the
corresponding critical water film thickness also increases. However,
an interesting phenomenon is that the critical water saturation
does not increase with the increase of pore size (Fig. 10(a)), but it
exhibits normal distribution characteristics within the aperture
range centered around about 10 nm. The distribution of the critical
water saturation when capillary condensation occurs in inorganic
pores of different pore sizes ranges from 63% to 76% (Fig. 10(b)). In a
complex separation pressure field, the critical water saturation of
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different pore sizes varies by about 13%. So, the critical water
saturation differed by at most 13% if only the effect of pore size
distribution characteristics was considered. The percentage of
inorganic pores in the two sets of shale samples in this paper
differed by 32.3%. This value is even larger when the TOC difference
is greater (Zhang et al., 2017a; Zhang et al., 2020). This suggests that
the effect of pore size distribution characteristics on the critical
water saturation of shale may be smaller than the effect of the
difference in the percentage of inorganic pores on the critical water
saturation of shale.

4.4. Critical water saturation of shale samples

4.4.1. Boundary conditions of the geological model
Based on the pore size distribution characteristics of the inor-

ganic pores, the percentage of inorganic pores, and the results of
the critical water saturation calculations for single pores, the total
critical water saturation of the shale samples can be calculated. In
addition, there are several boundary conditions that need to be set
before the final calculation. ①The DLVO theory will be used to
calculate the critical water saturation of pores with pore size less
than or equal to 30 nm. The pore size distribution range of the
connecting pore throats within the Longmaxi shale was charac-
terized by previous researchers based on FIB-SEM and FIB-HIM
experiments, and it was clarified that the diameter of the con-
necting pore throats in the Longmaxi Formation is mainly distrib-
uted between 10 and 30 nm (Wu et al., 2020). Therefore, 30 nm is
defined as the maximum connecting pore diameter in this study,
i.e., when pore water gradually fills up to 30 nm, the shale can form
an effective closure capacity; ②Water saturation in the pores with
pore diameters larger than 30 nm is calculated based on a single-
layer water film; ③The water saturation in pores with pore di-
ameters less than 7.5 nm is defaulted to 100%. Previous N2
adsorption experiments carried out on clay mineral particle sam-
ples at different humidity levels found that the pores below 7.5 nm
in clay minerals have been completely filled with water at low
humidity levels (corresponding to lower water saturation). This
means that this portion of the pore space is already completely
filled with water by the time the shale forms its sealing capacity (Li
et al., 2016; Feng et al., 2018; Zhu et al., 2021); ④The water satu-
ration of micropores with the pore diameter of 1.2 nm or less is
calculated as on the basis of individual water molecule layers. The
water in inorganic micropores with the pore size less than 1.2 nm is
usually thewater contained in claymineral interlayers. The number
of water molecule layers contained in the clay mineral interlayer
can be judged by the valence of the interlayer cation. If the inter-
layer cation is Ca2þ, there exist two water molecule layers in the
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interlayer, and if it is Naþ, then there is generally only one water
molecule layer in the interlayer (Li et al., 1986). As it has been
pointed out previously that the formation water of Longmaxi shale
is mainly of NaCl type, so the water saturation of pores below
1.2 nm are calculated as a single water molecule layer case.

4.4.2. Critical water saturation of shale samples
Finally, we calculated the critical water saturation for the two

shale samples. The critical water saturation for the N1 shale sample
is about 41.7% and that for the N2 sample is about 32.7%, with a
difference of about 10% between the two sets of shale samples. This
result is in line with our expectation. On the one hand, the critical
water saturation is definitely not the same for different shales when
their effective sealing capacity are formed, which is affected by the
ratio of organic and inorganic components and the pore size dis-
tribution characteristics of inorganic pores. And it can be clearly
observed that for shale with high TOC, the critical water saturation
is relatively low. On the other hand, the method proposed in this
study accurately calculates the critical water saturation of shales
and effectively distinguishes the differences between shales, indi-
cating that the present method is superior to physical simulation
experiments.

4.4.3. Models for water-bearing shale
Based on the calculation results, two different models of water-

bearing shale were established (Fig. 11). Shale samples represented
by N1 shale exhibit characteristics of lower TOC, higher content of
inorganic components (mainly clay minerals), and higher propor-
tion of inorganic pores. The fluid in the pores is mainly water
(Fig. 11(a)). And the shale represented by the N2 shale sample is
characterized by higher content of organic components and more
developed organic pores (Fig. 11(b)). The fluid in the pores is mainly
gas. Typically, the first type of shale requires a higher water satu-
ration to form an effective sealing capacity, while the second type of
shale requires a lower water saturation to form an effective sealing
capacity because the inorganic pores is not dominant.

4.5. Validation of calculation results

Previous studies have been carried out on the critical water
saturation of the water film when capillary condensation occurs in
the single pore model in terms of both water film theory and mo-
lecular dynamics simulations. Tuller et al. (1999) suggested that
intermolecular forces dominate the behavior of the water film in
single pores. The disjoining pressure in the slit pore model is
further simplified only when considering intermolecular in-
teractions. The critical water film thickness for capillary
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Fig. 11. Models of water-bearing shale with low TOC (a) and high TOC (b).

0

10

20

30

40

50

60

0 10 20 30 40 50 60 70 80 90 100

aP
M ,erusserp hguo rhtkae rB

Water saturation, %

N1
N2

Fig. 12. Breakthrough pressure for two shale samples.

C.-X. Wan, X.-S. Guo, B.-J. Shen et al. Petroleum Science 22 (2025) 1876e1888
condensation of water film in slit pores can be obtained by taking
derivatives, which is approximately H/3, corresponding to a critical
water saturation of approximately 66.7%. In addition, molecular
dynamics simulation is an effectivemethod to study the behavior of
water film at the nanoscale. The occurrence state of water in the
nanopore under different water saturation conditions can be
analyzed by establishing a nanopore model and inserting different
numbers of water molecules and methane molecules into the
pores, selecting a suitable force field, and observing the distribu-
tions of water molecules and methane molecules after the system
reaches equilibrium under the equilibrium molecular dynamics
simulation. The results of simulation calculation show that the
critical water saturation corresponding to capillary condensation of
water film in a 6 nm hydrophilic slit pore is 59.4% (Xu et al., 2020;
Yu et al., 2021). Calculation results in our study show that the
critical water content saturation corresponding to capillary
condensation of water film occurring in hydrophilic slit pore model
is 63%e76%, which are consistent with the result of simplified
model of water film theory. However, the critical water saturation
of the 6 nm slit pore in our study is 73.0%, which is very different
from the results of molecular dynamics simulation. This may be
related to the model established in molecular dynamics simulation
software. As well as there is a difference in the nature of the water,
the water in the molecular dynamic simulation is pure water, while
the water in our study is formation water. Of course, molecular
dynamics simulation is still one of the most effective tools. And we
need to perform more targeted validation at a later stage.

Although physical simulation methods have significant un-
certainties in measuring the critical water saturation of dense
rocks, general trends can be obtained. In order to validate the
critical water saturation calculations for shale, breakthrough pres-
sures at different water saturations for multiple sets of N1 and N2
shale column samples were tested by step-by-step method (Wu
et al., 2020). The test results are shown in Fig. 12. The break-
through pressures of the N1 shale samples increase rapidly in the
interval of water saturation about 40%e60%, and the breakthrough
pressures of the N2 shale samples increase rapidly in the interval of
water saturation about 30%e50%. Our theoretical calculations are
relatively small, but they are all within the range of the measured
critical water saturation. In addition, the critical water saturation
interval of the N1 shale samples is about 10% higher than that of the
N2 shale samples, which is also close to the difference of the two
samples from our theoretical calculation results. This fully verifies
the reasonableness of our theoretical calculation results.
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However.it is worth noting that the test results of the physical
simulation experiment are obtained after a large amount of testing,
which requires a large amount of shale samples, testing time, and
experimental funds, so the method proposed in this paper is
simpler and more efficient compared to physical simulation
experiments.
4.6. Significance of critical water saturation

Critical water saturation is defined as the water saturation of
shale when it forms an effective sealing capacity for gas in this
paper. In actual geologic situations, shale formations contain some
amount of primary water. The primary water saturation of shale
may be higher or lower than the critical water saturation. When the
primary water saturation of the shale is higher than the critical
water saturation, the shale formation forms an effective sealing to
the gas, which prevents the gas inside the shale from dissipating to
the outside as well as preventing the gas from passing through the
shale formation. In this case, shale can serve as an effective cap rock
in the gas reservoir and form an overpressure fluid storage box. And
when the primary water saturation of shale is lower than the
critical water saturation, water occupies less space in the shale
pores, and the shale can serve as a reservoir for gas. Therefore, by
calculating the critical water saturation of different shales and
comparing it with the primary water saturation of shales can
identify the cap and reservoir layers in the shale gas play, so as to
accurately locating the target and further guide the exploration and
development of shale gas. This places higher demands on the
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calculation of primary water saturation and critical water satura-
tion. Therefore, in this article, we propose a new method for more
convenient and accurate calculation of critical water saturation.
Meanwhile, the method can also be applied to the field of CCUS,
such as calculating the adsorbed water film thickness in CO2 gas
reservoirs based on the DLVO theory and evaluating the capping
capacity of the cap layer in CO2 gas reservoirs (Tokunaga, 2012). In
conclusion, the calculation method of critical water saturation has
obvious advantages and has a wide range of applications. The
prediction of critical water saturation for different shales and the
fine analysis of shale gas reservoirs by comparing the critical water
saturationwith the original water saturationwill be the next step of
our research.

5. Conclusions

(1) An effective method is proposed to quantitatively calculate
the critical water saturation when shale forms effective
sealing capacity based on the DLVO theory and the charac-
terization method of rock pore structure characteristics.

(2) Shale with a TOC of 0.89% has 81.0% of inorganic pores, and
the dominant pore sizes are dominated by mesopores
around 40 nm, while shale with a TOC of 4.27% has 48.7% of
inorganic pores, and the dominant pore sizes are dominated
by micropore and mesopore sizes of 0e20 nm and 40 nm.

(3) As the pore size increases, the corresponding critical water
film thickness also increases. The critical water saturation is
normally distributed in the pore size range centered at about
10 nm. And the critical water saturation of inorganic pores
ranges from 63% to 76%. The critical water saturation of shale
with a TOC of 0.89% and shale with a TOC of 4.27% were
calculated to be 41.7% and 32.7%, respectively.

(4) By comparing the critical water saturation of shale with the
original water saturation, it is possible to provide a fine
description of shale gas reservoirs and guide the exploration
and development of shale gas. And it can also be applied to
the field of CCUS for CO2 geological storage evaluation.
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