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ABSTRACT: Permeability is a significant characteristic of porous media
and a crucial parameter for shale gas development. This study focuses on
deep marine and marine−continental transitional shale in the south-
eastern Sichuan area using the gas pulse decay testing method to
systematically analyze the gas permeability, stress sensitivity, and gas
transport mechanisms of shale under different pressure conditions and
directions. The results show that the porosity and gas permeability of the
deep marine shale are greater compared to those of the marine−
continental transitional shale. The elevated fluid pressure in the deep
marine shale offers superior conditions for the preservation of nanopores,
while the high quartz content provides advantageous conditions for fluid
transport in nanopore channels. The permeability and stress sensitivity of
the deep marine shale are greater than those of the marine−continental
transitional shale, and the stress sensitivity is greater in the perpendicular bedding direction than in the parallel bedding direction,
possibly related to the mineral composition of shale and the compaction it has undergone. The flow mechanism of the deep marine
shale is transition flow and Knudsen flow, while that of the marine−continental transitional shale is transition flow. The deep marine
shale possesses smaller nanopore sizes and a higher quantity of micropores, which create advantageous conditions for gas transport
within nanopores. During the process of extracting shale gas, the extraction of gas causes a decrease in pore pressure and an increase
in effective stress, resulting in a reduction in permeability. However, when the pore pressure reaches a specific value, the enhanced
slippage effect leads to an increase in permeability, which is advantageous for gas extraction. In the later stage of shale gas well
production, intermittent production plans can be developed considering the strength of the slippage effect, leading to a significant
improvement in production efficiency.

1. INTRODUCTION
China is currently confronted with the dual challenges of
environmental pollution and energy shortages. These challenges
arise from the rising demand for oil and gas resources coupled
with the diminishing reserves of conventional oil and gas.
Optimizing energy structure is one of the important ways to
alleviate environmental pressure,1 and increasing efforts to
develop clean energy such as natural gas is the main method for
China to address this issue. Shale gas is a vast unconventional
natural gas resource worldwide, characterized by long extraction
life, stable extraction, significant development potential, and
high commercial value. The “shale gas revolution” in the United
States has shifted the country from a major importer to an
exporter of natural gas and has also triggered a global boom in
shale gas exploration, development, and research. Currently,
countries such as the United States, Canada, and China have
successfully achieved commercial production of shale gas.
Among them, the United States has made significant progress
by attaining large-scale commercial production and entering a

phase of rapid development in shale gas exploration and
production.2

According to incomplete statistics, the remaining recoverable
reserves of shale gas in China are estimated to be 3.39 × 1014 m3,
which is equivalent to 15% of the total global shale gas reserves.3

In 2022, the production of shale gas reached 240 × 108 m3.4

Through more than a decade of exploration and development
efforts, significant progress has been made in the effective
development of marine shale gas resources in the Sichuan Basin
and its adjacent areas.5,6 TheOrdovicianWufeng Formation and
the Silurian Longmaxi Formation have become the main target
formations of shale gas exploration and development in the
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Sichuan Basin. Several shale gas production areas, including
Fuling, Weirong, Weiyuan−Changning, and Luzhou−Yuxi,
have been successively established one after another. The
cumulative proven geological reserves of shale gas in this region
amount to 2.81 × 1012 m3. In 2022, shale gas production in the
Sichuan Basin reached approximately 223.23 × 108 m3,
accounting for 93% of the total shale gas production and 10%
of China’s total natural gas production (2201.1 × 108 m3).
Except for the Ordovician Wufeng Formation and the Silurian
Longmaxi Formation, shale gas exploration and evaluation in
other formations within the Sichuan Basin are still in progress.
Meanwhile, the region possesses abundant marine−continental
transitional shale gas resources with significant exploration
potential.1,7−9 However, due to the delayed initiation of research
and the relatively low level of exploration and development, scale
development has not been achieved yet.10

In the past decade, significant progress has been made in the
exploration and development of shale gas, leading to successful
commercial exploitation in China. However. there has been no
significant breakthrough in the research on the fundamental
theory of shale gas. Numerous pressing issues still need to be
solved.11−14 Shale formations are characterized by low porosity
and low permeability, and only a limited number of shale gas
wells with highly developed natural fractures can directly
produce natural gas under natural completion conditions.15−17

Consequently, hydraulic fracturing technology is necessary for
the majority of shale gas wells to modify the shale reservoir and
enhance its permeability, enabling the production of natural gas.
During production, gas from the shale reservoir flows
successively through the shale matrix, the fractures created by
hydraulic fracturing, and ultimately reaches the wellbore of the
production well. The permeability of the shale matrix signifies
the fluid transport capacity within its pore media, serving as a
crucial characteristic for shale gas exploration and develop-
ment.11,18,19

Permeability is a measure of a rock’s ability to allow fluid flow
under specific pressure conditions. Theoretically, the perme-
ability of rock only reflects the inherent characteristics of the
rock and is independent of the fluid properties andmeasurement
conditions. It is often referred to as intrinsic permeability or
liquid permeability. However, practical measurements have
shown that the permeability obtained under the same conditions
for the same rock sample varies when using different gases. The
permeability measured using gas is referred to as apparent
permeability or gas permeability, which typically exceeds the
intrinsic permeability. The complex pore structure and stress
sensitivity of shale pose challenges in predicting the in situ
intrinsic permeability, which is crucial for evaluating shale gas
resources.13,20,21

The apparent permeability in low-permeability porous media
is often affected by the molecular slippage effect, making it
unsuitable for direct stress sensitivity evaluation. Typically, the
apparent permeability needs to be corrected using the
Klinkenberg correction to determine the intrinsic permeability
for stress sensitivity evaluation.22 The slippage effect refers to a
molecular transport mechanism observed in nonviscous fluids,
which depends on the relative size between themean free path of
gas molecules and the flow aperture. The molecular slippage
effect may cause the apparent gas permeability to deviate from
Darcy’s law, as it is not solely controlled by the gas pressure
gradient. This, in turn, affects the gas transport mechanism in
shale.23−25 Currently, there is insufficient research on the gas
flow mechanisms in low-permeability porous media, which are

predominantly influenced by the molecular slippage effect.
However. the quantitative characterization of the contribution
of the molecular slippage effect has always been a challenging
issue in the research.26

Two commonly used testing methods for determining
apparent permeability are a steady-state method and an
unsteady-state method. The steady-state method involves
measuring the gas flow through the rock core and then
calculating the permeability according to Darcy’s law. For low-
permeability porous media, the system requires a significant
amount of time to reach equilibrium, resulting in prolonged
experimental durations and increased susceptibility of exper-
imental results to environmental temperature. Consequently,
this leads to poor repeatability.27−30 The unsteady-state method,
also referred to as the pressure pulse decay method, is currently
the most effective method for measuring permeability in low-
permeability porous media, particularly in shale formations. It is
widely employed in the investigation of permeability in
mudstone and tight sandstone. One of the primary advantages
of this method is its short testing duration, which is particularly
beneficial for porous media with permeability less than 1 μD,
such as shale and sandy mudstone.14,31−36

Shale is a typical multiscale porous medium containing
artificial hydraulic fractures, natural fractures, micropores, and
nanopores. The gas occurrence modes and transport mecha-
nisms in shale vary at different scales.37,38 The gas transport
processes in shale gas development mainly include the
following: (1) free gas in artificial hydraulic fractures and
natural fractures flows into the wellbore through Darcy flow; (2)
free gas in pores flows into the low-pressure region through
continuous flow, slip flow, and transition flow in the fracture
network system; (3) desorption of gas adsorbed on pore walls
replenishes free gas in pores, and gas also enters the fracture
network system through surface diffusion; and (4) gas dissolved
in kerogen increases the amount of gas adsorbed on pore walls
through configurational diffusion, indirectly increasing shale gas
production. Nanopore gas transport is a crucial aspect of shale
gas development; therefore, understanding the nanopore gas
transport mechanisms and conducting transport simulations are
key technologies for efficient shale gas development.39,40

The marine shale of the Ordovician Wufeng Formation and
the Silurian Longmaxi Formation in the southeastern Sichuan
Basin has proven to be a highly productive shale formation for
shale gas exploration and development in China.41,42 The
Permian Longtan Formation, a marine−continental transitional
shale, exhibits several favorable geological characteristics for
shale gas formation, including the development of organic-rich
mud shale, high porosity, and high organic carbon content,
which possesses favorable geological conditions for shale gas
formation and has significant potential for shale gas explora-
tion.43−45 In this study, the stress pulse decay method is
employed to determine the apparent permeability values of the
Longmaxi Formation marine shale and Longtan Formation
marine−continental transitional shale in the southeastern
Sichuan area under different sample depths, confining pressures,
and pore pressure conditions. The effective stress coefficients
were calculated based on response surface model fitting, the
intrinsic permeability was obtained to analyze its stress
sensitivity with Klinkenberg correction, the relative contribution
of molecular slippage effect in apparent permeability under
different stress conditions was quantified, the gas transport
mechanisms in shales with different stratigraphic positions were
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compared, and changes in gas flow characteristics in shale
samples under simulated mining conditions were discussed.

2. SAMPLES AND METHODS
2.1. Sample Description. The Upper Permian Longtan

Formation and the Lower Silurian Longmaxi Formation are two
sets of organic-rich shale formations in the Sichuan Basin. The
Longtan Formation was formed in a marine−continental
transitional sedimentary environment, with lithology consisting
of shale, coal, limestone, and sandstone. In the southeastern part
of the Sichuan Basin, the Longtan Formation is widely
distributed and relatively stable, with a thickness ranging from
70 to 80 m. The organic-rich shale in this area of the Longtan
Formation has a thickness of about 40m, with a mean total
organic carbon content of 3.23%, and the maturity stage in the
overmature stage, with a Ro range of 1.96−2.40%.43 The
Wufeng−Longmaxi Formation is the only shale formation
system that has achieved commercial development of shale gas
in China. The shale formation has a thickness of approximately
90 m, formed in a depositional environment of shallow−deep
water shelf facies. The high-quality shale gas reservoirs are
siliceous shale and carbonaceous shale in lithology, with a mean
total organic carbon content of 3.50% and the maturity stage in
the overmature stage.46 In this study, two shale core samples
from the Longmaxi Formation and Longtan Formation of the
DYS1 well in the southeastern part of the Sichuan Basin were
used, as shown in Figure 1, with sample numbers DYS1−4 and
DYS1−10, at depths of approximately 2991 and 4152 m.

Subsequently, the core samples were processed into standard
core columns with a diameter of 2.5 cm, with sample numbers
DYS1−4P (transitional shale parallel to bedding), DYS1−4C
(transitional shale perpendicular to bedding), DYS1−10P
(marine shale parallel to bedding), and DYS1−10C (marine
shale perpendicular to bedding). The mineral composition of
the shale samples is shown in Table 1. The minerals in the deep
marine shale are dominated by quartz and clay minerals, with
contents of 37.3 and 32.5%, and the minerals in the marine−
continental transitional shale are dominated by quartz and
dolomite, with contents of 30.3 and 35%, respectively. The
contents of feldspar and dolomite in the marine shale are 7 and
13.4%, respectively, higher than that in the marine−continental
transitional shale. Figure 2 depicts the morphology of the pore
size distribution in the samples. Both the deep marine shale and
the marine−continental transitional shale are mainly composed
of mesopores (2−50 nm), with developed micropores (<2 nm)
in the deepmarine shale and numerousmacropores (>50 nm) in
the marine−continental transitional shale. According to the
nitrogen adsorption results, the average pore sizes of the deep
marine shale and the marine−continental transitional shale are
5.79 and 9.38 nm, respectively.47 For a detailed analysis of the
mineral, organic matter, and pore characteristics of the
experimental samples, please refer to the literature.47

2.2. Experimental Setup and Method. In this study, the
PoroPDP-200 full-automatic overburden porosity and perme-
ability measurement instrument produced by the American
Core Company was used to measure the porosity and

Figure 1. Sampling location and stratigraphic section. (a) Sampling location. (b) Sampling stratigraphic section for transitional shale. (c) Sampling
stratigraphic section for marine shale.

Table 1. Mineral Content of Experimental Samples

sample depth (m) TOC (%) quartz clay feldspar calcite dolomite pyrite others

DYS1−4 2991.30 1.23 30.3 18.4 4.8 0 35 3.1 8.4
DYS1−10 4152.52 0.88 37.3 32.5 7 13.4 6.6 3.2 0
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permeability of the samples under overburden pressure. During
the test process, the porosity was measured using helium gas at a
pressure of 200 psi, which was calculated by Boyle’s law. In this
study, the apparent permeability under different Cp and Pp
conditions was measured using the pressure pulse decay
technique, with nonadsorptive gas N2 as the testing gas.14,31

Although the steady-state method has been widely used for
apparent permeability testing, the pressure pulse decay method
has significant advantages in measuring the permeability of low-
permeability media. The pressure pulse decay method calculates
the permeability by measuring the pressure change, while the
steady-state method calculates the permeability by measuring
the gas flow rate, making it easier to detect the small pressure
changes in low-permeability media compared to the extremely
small flow rates.32,48 To avoid the influence of temperature
changes on the test results, the entire system, except for the gas
cylinder and computer, was placed in a 22 °C thermotank
(Figure 3). The testing process is as follows: (1) The sample is

placed in a drying oven at 50 °C for more than 12 h before the
test to remove moisture and residual hydrocarbon substances
from the core and then placed in a 22 °C desiccator for 5 h
before the permeability test. (2) Before sample testing, a system
leak test was conducted to ensure no leakage. After confirming
the integrity of the system, the sample was placed in the core
holder, and the confining pressure was increased to the target
test value using a hand-held pressure pump. The valve of the
pressure pump was then closed. (3) The “Fill” valve is opened to
increase the gas pressure (pore pressure) to the target test value.
After the pressure stabilizes, the testing begins. The “Fill” valve is
automatically closed to allow gas injection into the core,

ensuring that the gas pressure in the core is consistent with the
pressure in the entire system. Subsequently, a differential
pressure (DP) of 0−0.34 MPa (<5psi) is established between
the upstream and downstream. (4) When the differential
pressure is established, the “Bypass” valve is closed, and the
downstream gas chamber pressure and the pressure of the
differential pressure sensor DP are automatically detected. The
upstream pressure is obtained based on the downstream
pressure plus the DP value. During this process, the value of
the DP decays linearly with time. When DP decays to 0, the
system pressure is the average pressure, and the instrument will
automatically stop the test. Finally, the “Bleed” valve is opened
to release the gas pressure. After the gas pressure is released, the
pressure pump valve is opened, the confining pressure is
released, and the core sample is taken out to complete the test.
The system will automatically calculate the value of the apparent
permeability.
The apparent permeability is calculated by the following

equation49

=
+

=
i
k
jjjjjj

y
{
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S V V t
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1/ 1/
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ln(DP)
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up down (1)

where α is the gas attenuation index, μ is the kinetic viscosity
of nitrogen, obtained through the database of the National
Institute of Standards and Technology (NIST), L and S are the
length and cross-sectional area of the core, respectively, and cg is
the gas compression coefficient, which is calculated by the
following equation49

=c
p z

z
p

1 1 d
dg

(2)

where p represents the average gas pressure and z is the gas
compressibility factor. According to the NIST N2, the variation
of the z value with pressure is very small and is approximated to
be 1 in this paper.
In laboratory conditions, there is often a so-called “hysteresis

effect” in the measurement of overburden permeability; that is,
the permeability under the current stress state is influenced by
the previous test stress. To restore the experimental conditions
to the original reservoir state and ensure that the test data more
accurately reflects the deformation characteristics of the
underground reservoir rocks, prestressing treatment is usually
required before permeability measurement.50 In this study, each
core sample was prestressed by placing the sample in the core
holder, maintaining a confining pressure of 50 MPa, pore
pressure at 10 MPa for 12 h, and then sequentially reducing the
pore pressure to determine the permeability value. The
confining pressure was reduced, and the above processing
steps and measurements were repeated.51 As shown in Figure 4,
there is a significant difference in the permeability values
between samples before and after prestressing treatment; there
is a significant difference between the permeability values of the
samples in the loading and unloading process before the
prestressing treatment under overburden pressure, while there is
almost no difference between the permeability values of the
samples after the prestressing treatment in the loading and
unloading process.
In this study, to characterize the molecular slippage effect of

porous media, different confining pressures and pore pressures
were maintained during the testing process, and a series of
permeability values were measured. The confining pressure (Cp)
was fixed at 50 MPa, and the pore pressure (Pp) was initially set

Figure 2. Pore size distributions for experimental samples.

Figure 3. Schematic diagram of the experimental apparatus setup.
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at 10 MPa, with permeability measurements taken for every 2
MPa decrease in Pp until it reached the minimum pressure of 2
MPa. Subsequently, Cp was decreased incrementally to 10 MPa,
and Pp was measured at intervals of 2 MPa, until the end of the
testing, resulting in a total of 23 permeability tests for each
sample. Throughout the testing process, Cp was always greater
than Pp.

3. RESULTS AND DISCUSSION
In this experiment, porosity ranges from 6.16 to 6.50% for deep
marine samples and 2.12−2.34% for marine−continental
transitional samples; parallel bedding direction permeability
ranges from 0.32 to 1.70 μD for deep marine samples and 0.61−
2.60 μD for transitional samples; perpendicular bedding
direction permeability ranges from 0.8 to 9.8 nD for deep
marine samples and 1.6−6.4 nD for transitional samples (Figure
5). The porosity of the deep marine shale is greater than that of
the marine−continental transitional shale. The permeability in
the perpendicular direction of the deep marine shale is greater
than that of the transitional shale, while the permeability in the
parallel direction is similar. There is a positive correlation
between the porosity and permeability of shale samples in this
study. The shale pore system and mineral composition may
affect the anisotropy of shale permeability. With increasing the
confining pressure, the permeability of shale gradually decreases.
As the pore pressure increases from 2 to 10 MPa, the shale
permeability shows a trend of first decreasing and then
increasing. The permeability value is higher when the pore
pressure is relatively low, which may be attributed to the
influence of the molecular slippage effect.
Theoretically, deep marine shale formations have a greater

degree of compaction compared to transitional shale formations,
resulting in lower nanoscale porosity. However, the tested deep
marine shale exhibits higher porosity and permeability
compared to the transitional shale. The Ordovician-Silurian
formations in the Sichuan Basin have undergone deep burial
(depths exceeding 6000 m) and subsequent uplift, with the
current depth primarily controlled by uplift intensity.52 Wang et
al. suggested that the porosity of shale is jointly controlled by
lithology, burial depth, and fluid pressure.53 In the deep shale gas

reservoirs of the Sichuan Basin, high fluid pressure provides
excellent preservation conditions for shale porosity, resulting in
higher porosity. Compared to the transitional shale, deepmarine
shale exhibits lower TOC content and higher quartz content,
indicating that the porosity of deep marine shale is primarily
associated with quartz, consistent with previous studies.47

Quartz can act as a rigid framework to inhibit the compaction
of deep shale,54 providing favorable conditions for gas transport
in nanopores.

3.1. Klinkenberg Correction to Calculate the Intrinsic
Permeability. To better investigate the characteristics of
permeability, this study used response surface models to fit the
permeability data.55 Response surface methodology, an
empirical modeling approach that does not require any
assumptions, was used to fit the experimental data and obtain
an empirical model. The model aims to find the most suitable
empirical quadratic surface for the permeability measurement
value, which is controlled by the confining pressure (Cp) and the
pore pressure (Pp). The preliminary transformation of the
independent variable data is carried out to reduce the fitted
variance and improve the fitting accuracy.56−58 The method
steps are as follows. (1) Perform a Box−Cox transformation on
the measured raw data, with the transformation form as

=K K( 1)/( )
g (3)

The transformed data K(λ) is obtained, where λ is the
transformation coefficient ranging from −3 to 3. When λ = 0, it
represents a logarithmic transformation. Box suggested using the
maximum likelihood method to determine the most suitable
transformation coefficient λ.59 (2) Fit the transformed data K(λ)

into a quadratic response surface model, represented as

= + + + + +K a a C a P a C a C P a P( )
1 2 p 3 p 4 p

2
5 p p 6 p

2
(4)

Among them, a1 ∼ a6 are the fitting coefficients calculated
through the least-squares method and are dimensionless.
(3) Conduct an F-test and perform a significance test on the

fitting coefficients. The F-test is used to determine whether the
regression model is significant and to evaluate the goodness of
fit. The F-value is the ratio of the regression mean square to the

Figure 4. Prestressing treatment of sample DYS1−10P.
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error mean square. Box considered that the F value is greater
than or equal to 10 times the percentile of the F distribution to
ensure the effectiveness of fitting the experimental data, and
generally, the percentile of the F distribution is taken as 95%.60

(4) Calculate the nonlinear effective stress coefficient n based
on the fitted model, while satisfying the F-test criterion.

=

=

=
+ +
+ +

n C P
K P

K C

K P

K C
a a C a P

a a C a P

( , )
( / )

( / )

( / )

( / )

2

2

p p
p

p

( )
p

( )
p

3 5 p 6 p

2 4 p 5 p (5)

The nonlinear effective stress coefficient n can be calculated
for different Cp and Pp once ai is determined.
(5) Finally, the apparent permeability data Kt obtained

through this model is

= +K K( 1)t
( ) 1/ (6)

And the effective stress is Pe = Cp − nPp. To explore the
relationship between the permeability and effective stress, by
providing parameters Pe and Pp, the values of Cp and n can be
calculated to obtain the corresponding apparent permeability
values.
The intrinsic permeability is obtained by the Klinkenberg

correction of the apparent permeability. In 1941, Klinkenberg
proposed that under the same effective stress, the apparent
permeability value of the sample is linearly related to the
reciprocal of the pore pressure, and the intercept on the ordinate
axis represents the intrinsic permeability, the formula is22

= +
i
k
jjjjjj

y
{
zzzzzzK K b

P
1g

p (7)

where Kg represents the apparent permeability, K∞ represents
the intrinsic permeability, and b is the Klinkenberg factor, which
is related to the pore geometry and size. The larger the value of b,

Figure 5.Three-dimensional surfaces of kg for the samples obtained with the response surface model (a. DYS1−10P, b. DYS1−10C, c. DYS1−4P, and
d. DYS1−4C).
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the greater the contribution of the slippage effect to the apparent
permeability.22

However, in recent years, it has been observed by some
scholars that the Klinkenberg linear model cannot fit the
apparent permeability data well in low-permeability media.24,61

In 2014, a quadratic extension model for low-permeability
porous media was proposed by Ashrafi and other scholars,
building upon the Klinkenberg linear model.26 The formula is
given as

= +
i

k
jjjjjj

y

{
zzzzzzK K b

P
d

P
1g

p p
2

(8)

In the formula, d is a parameter related to the pore size. In
high-permeability media, the value of d tends to be 0, the same as
the linear model. The expanded model shows that the apparent
permeability (Kg) has a quadratic relationship with the inverse of
gas pressure (1/Pp). Only in low-permeability media with small
flow apertures, the value of d will increase, causing the straight
line to bend, which leads to the deviation of the linear
Klinkenberg model fitting.
In this study, a quadratic extension model was used to fit the

apparent permeability data, and the results of the Klinkenberg
correction are shown in Figure 6. The corresponding intrinsic

permeability K∞, b, and d can be obtained based on the fitted
relationship (Table 2).
The intrinsic permeability in the parallel bedding direction of

the deep marine shale is 0.18−0.26 μD, while in the

Figure 6. Klinkenberg plots of samples (a. DYS1−10P, b. DYS1−10C, c. DYS1−4P, and d. DYS1−4C).

Table 2. Results and Parameters of the Klinkenberg
Correction

sample effective stress (MPa) K∞ b d

DYS1−10P 10 0.26 μD 32.00 10.48
DYS1−10P 20 0.22 μD 25.20 4.93
DYS1−10P 30 0.19 μD 12.37 2.92
DYS1−10P 40 0.18 μD 8.50 1.98
DYS1−10C 10 1.81 nD 38.36 79.72
DYS1−10C 20 1.23 nD 47.35 29.98
DYS1−10C 30 0.82 nD 51.34 17.40
DYS1−10C 40 0.63 nD 68.00 11.82
DYS1−4P 10 0.62 μD 14.97 11.21
DYS1−4P 20 0.61 μD 7.34 5.52
DYS1−4P 30 0.54 μD 5.12 3.41
DYS1−4P 40 0.47 μD 4.08 2.39
DYS1−4C 10 2.11 nD 5.13 13.65
DYS1−4C 20 1.48 nD 7.93 15.02
DYS1−4C 30 0.89 nD 13.30 15.18
DYS1−4C 40 0.27 nD 43.71 15.16
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perpendicular bedding direction, it is 0.63−1.81 nD. The
intrinsic permeability of the marine−continental transitional
shale is 0.47−0.62 μD in the parallel bedding direction and
0.27−2.11 nD in the perpendicular bedding direction. The
intrinsic permeability of the marine−continental transitional
shale is slightly higher than that of the deepmarine shale, and the
permeability in the parallel bedding direction of shale is still 1
order of magnitude higher than that in the perpendicular
bedding direction.
The Klinkenberg factor b reflects the relative contribution of

the slippage effect to the apparent permeability. This study
found that the Klinkenberg factor b of the deep marine shale is
greater than that of the marine−continental transitional shale,
and the b value in the perpendicular bedding direction of shale
samples is greater than that in the parallel bedding direction.
This preliminary indicates that the relative contribution of the
slippage effect to the apparent permeability is greater in the deep
marine shale than in the marine−continental transitional shale,
with the perpendicular bedding direction of shale samples being
greater than the parallel bedding direction.
Previous studies have shown a negative correlation between d

and the square of the aperture size. This study found that the d
value of the deep marine shale in the perpendicular bedding
samples ranges from 11.82 to 79.72, and the d value of the
marine−continental transitional shale ranges from 13.65 to
15.16. The deep marine shale has a larger d value than the
marine−continental transitional shale. The average apertures
obtained from nitrogen adsorption are 5.79 and 9.38 nm for the
two types of shale, respectively. The deep marine shale has a
smaller average aperture. The smaller the aperture, the larger the
d value, which is consistent with previous findings.26

3.2. Intrinsic Permeability and Stress Sensitivity. The
evolution relationship between the intrinsic permeability and
the effective stress is shown in Figure 6. The greater the effective
stress, the smaller the intrinsic permeability, indicating that the
effective stress may cause the shrinkage of the flow channel

during the experimental process. In this study, the intrinsic
permeability value decreases exponentially with the increase of
the effective stress, as represented by11

=K K P0 e (9)

In the equation, K0 represents the intrinsic permeability when
the effective stress equals 0, γ is the compressibility index of
permeability, and a higher γ value signifies a larger variation in
permeability with the effective stress, indicating a higher stress
sensitivity of permeability. The γ values, as shown in Figure 7,
decrease in the following order: DYS1−10C > DYS1−4C >
DYS1−10P > DYS1−4P, indicating a stronger stress sensitivity
in the deep marine shale compared to the marine−continental
transitional shale. The stress sensitivity of the intrinsic
permeability in the perpendicular bedding direction of shale is
greater than that in the parallel bedding direction. The clay
mineral content in the deep marine shale is higher than that in
the marine−continental transitional shale, as indicated in Table
1. This stress sensitivity is largely controlled by the clay mineral
content in the samples, which is consistent with the findings of
other researchers.21 Chen believes that in addition to the
influence of bedding surfaces, large and small pores are mainly
distributed along the bedding surfaces, and clay minerals are
often distributed parallel to the bedding surfaces,62 resulting in
more clay mineral pores in the perpendicular bedding direction.
Under prolonged compaction, the rock framework in the parallel
bedding direction of shale is difficult to change under stress,
while the easily compressible clay mineral pores in the
perpendicular bedding direction are more prone to deformation
under stress.

3.3. Relative Contribution of the Molecular Slippage
Effect. Currently, it is believed that the deviation of apparent
permeability from intrinsic permeability is caused by the
molecular slippage effect. The specific manifestation of the
molecular slippage effect is that, under the same effective stress,
the apparent permeability increases with the decrease in pore

Figure 7. Intrinsic permeability stress sensitivity of samples (a. DYS1−10P, b. DYS1−10C, c. DYS1−4P, and d. DYS1−4C).
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pressure.63 According to the Klinkenberg expanded equation,
the apparent permeability maintains a quadratic relationship
with the inverse of the pore pressure. The relative contribution
of the molecular slippage effect to the apparent permeability,
denoted as C, is calculated in this study.

= ×C
K K

K
100%

(10)

Figure 8 represents the relative contribution of the molecular
slippage effect on the apparent permeability of experimental
samples under different stress conditions. The contribution of
the molecular slippage effect to the apparent permeability under
experimental conditions depends on pore pressure and effective
stress. The relative contribution of the molecular slippage effect
to the apparent permeability of the sample gradually diminishes
as the pore pressure increases from 2 to 10 MPa. The relative
contribution of the slippage effect to permeability in deep
marine shale samples is greater than that in the marine−
continental transitional shale samples, and the relative
contribution in the perpendicular bedding direction is larger
than that in the parallel bedding direction. With the increase in
the effective stress, the relative contribution in the parallel
bedding direction of shale decreases, while the contribution in
the perpendicular bedding direction increases.
The relative contribution also represents the amount by which

the apparent permeability deviates from the intrinsic perme-
ability of the sample. Under the same effective stress conditions,
the apparent permeability of the deep marine shale deviates
further from the intrinsic permeability, reflecting a stronger
stress sensitivity of the deep marine shale. With the increase in
the effective stress, both the apparent permeability and the
intrinsic permeability of shale decrease. The perpendicular

bedding direction of the sample exhibits strong stress sensitivity,
with a larger decrease in intrinsic permeability and an increased
relative contribution. The intrinsic permeability in the parallel
bedding direction of the sample decreases to a lesser extent,
resulting in a decreased relative contribution. The characteristics
of the evolution of the slippage effect with effective stress will be
further discussed.

3.4. Gas Transport Mechanism in the Nanoscale Pores.
Shale gas primarily exists in four modes of occurrence: free gas in
fractures, free gas in pores, gas adsorbed on pore walls, and gas
dissolved in kerogen.64 Depending on its modes of occurrence,
shale gas exhibits various transport mechanisms. Shale with
macropores, mesopores, and micropores exhibits different
dominant transport mechanisms and corresponding diffusion
abilities.65 In shale with macropores, the pore diameter is
significantly greater than the mean free path of gas molecules,
and the collision frequency between gas molecules is much
higher than the collision frequency between gas molecules and
pore walls, leading to predominant continuous gas flow.66

Decreasing pore size or gas pressure in shale increases the mean
free path of gas molecules. If the pore size is similar to the mean
free path of gas molecules, the collision between gas molecules
and pore walls becomes significant, leading to slip flow,
transition flow, or Knudsen diffusion. The transport capacity
decreases as the pore size decreases.66,67 Surface diffusion occurs
on the pore walls when gas molecules are adsorbed.68,69 When
the gas phase pressure increases or the pore size decreases
further, the adsorbed gas molecules form multiple layers,
resulting in multilayer adsorption diffusion.70 When the pore
size of shale is extremely small and comparable to the diameter
of gas molecules, only single-molecule transport is possible, and
the moving gas molecules continuously collide with the pore

Figure 8. Relative contribution of the molecular slippage effect on the apparent permeability of samples (a. DYS1−10P, b. DYS1−10C, c. DYS1−4P,
and d. DYS1−4C).
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walls, leading to configurational diffusion.66,71 The classification
methods for the new nanopore phase gas transport mechanisms
proposed by most scholars still rely on the Knudsen number
criterion.40 The coexistence of multiscale pore structures and
various transport flow regimes makes gas transport in shale
highly complex.72,73 Researchers have developed a series of gas
transport models consideringmultiple mechanisms based on the
background of shale reservoirs. However, these models have
certain limitations due to various factors affecting gas transport
in nanopores, including the slippage effect, stress effect,
adsorption, desorption, surface diffusion, and real gas
effect.74−77 In this study, we only analyzed the seepage
mechanism in nanopores considering the stress effect and
slippage effect through conventional experimental methods with
low adsorption gas N2.
The stress effect and the gas slippage effect are competitive,

meaning that an increase in the effective stress leads to a
decrease in the apparent permeability, while the gas slippage
effect increases the apparent permeability. In low-permeability
porous media, due to the presence of the molecular slippage
effect, gas permeability often deviates from Darcy’s law, leading
to changes in the gas transport behavior. The shale gas flow
mechanisms are complex and diverse, and conventional
methods are unable to accurately and comprehensively describe
the flow process. According to current research, gas transport is
determined by the combination of different flow mechanisms in
different pore sizes.78,79 It is currently believed that gas transport
behavior in porous media is composed of two flow regimes:
Darcy flow and Knudsen flow. The flow regime division is
usually defined by the Knudsen number (Kn), expressed as

=Kn
D (11)

In the equation, λ represents the mean free path of gas
molecules, which is related to the gas pressure (Pp), the kinetic
diameter of gas molecules (δ), and the temperature (T). D
represents the flow channel diameter. Typically, λ is defined as

= K T
P2

B
2

p (12)

In the equation,KB is the Boltzmann constant, equal to 1.3806
× 10−23 J/K; for nitrogen, δ is 0.364 nm; during the experimental
process, the temperature is constant, so themean free path of the

molecules is only related to the gas pressure. λ is inversely
proportional to Pp, meaning that the larger the Pp, the smaller the
λ.
The Knudsen number is a dimensionless parameter that

defines the ratio of the mean free path of gas molecules to the
flow channel aperture, reflecting the relative collision frequency
between gas molecules and between gas molecules and the pore
walls. A small Knudsen number (Kn < 0.01) indicates that the
mean free path of gas molecules is much smaller than the flow
channel aperture, i.e., collisions between gas molecules are more
frequent than between gas molecules and the pore wall. In this
case, the gas is assumed to behave as a viscous fluid, known as the
Darcy flow. Conversely, a large Knudsen number (Kn > 10)
represents another flow regime, known as Knudsen flow, where
collisions between gas molecules and the pore wall are more
frequent, and collisions between gas molecules can be neglected,
with the gas flow behavior mainly characterized by the back and
forth collisions of individual molecules with the pore wall. The
transition flow between these two regimes is further divided into
two forms: slip flow and transition flow.63

Currently, the Knudsen number is commonly used to
characterize the strength of the slippage effect, and when Kn >
0.01, it represents a significant slippage effect. In nanoporous
media, the gas transport mechanism is no longer governed by
Darcy’s law due to the influence of the slippage effect.
Depending on the magnitude of the Knudsen number, the gas
transport mechanism in nanopores, i.e., gas flow regimes, is
divided into Darcy flow (Kn < 0.01), slip flow (0.01 < Kn < 0.1),
transition flow (0.1 < Kn < 10), and Knudsen flow (Kn > 10).
According to the formula, the effective aperture (D, nm) of

the fissure flow channel can be calculated with the Klinkenberg
parameter b.80

= i
k
jjj y

{
zzzD

c
b

RT
M

16 2 1/2

(13)

where parameter c is the Adzumi constant currently believed
to be equal to 0.9, μ is the gas dynamic viscosity, R is the gas
constant, and M is the molar mass of the gas molecule. This
formula applies to the narrow-type flow channel and is widely
used in shale.
To characterize the gas flow behavior of the samples, the

Knudsen number and effective flow width were calculated in this
study, and their flowmechanisms were classified (Figure 9). The

Figure 9. Knudsen number and gas flow mechanisms of samples.
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flow mechanisms in the deep marine shale are transition flow
and Knudsen flow, while that of the marine−continental
transitional shale is transition flow. On a macroscopic level,
the porosity and gas permeability of the deep marine shale are
greater than those of the marine−continental transitional shale,
providing favorable conditions for gas transport in the nanoscale
pores of the deep marine shale. On a microscopic level,
compared to themarine−continental transitional shale, the deep
marine shale has a smaller average pore size and a greater
number of micropores as determined by nitrogen adsorption
tests.47 These micropores are closer in size to the diameter of N2
molecules (0.364 nm). Gas molecules in the nanopores collide
more frequently with the pore walls than with each other, either
through more frequent collisions or by repeatedly colliding with
the pore walls in a single-molecule form. Additionally, the study
found that the calculated effective flow aperture is smaller than
the measured average pore size, and the difference between the
two may be attributed to other influencing factors such as gas
adsorption and diffusion.40 Moreover, the difference in the deep
marine shale is larger, indicating a greater contribution to the gas
transport mechanism.
This indicates that the slippage effect in the deep marine shale

is stronger than in the marine−continental transitional shale,
possibly due to the development of more micropores and
smaller pore sizes in the deepmarine shale. The slippage effect in
the perpendicular bedding direction of the shale samples is
stronger than that in the parallel bedding direction, which is
attributed to the smaller effective flow width in the vertical
bedding direction compared to the parallel bedding direction.
With the increase in the effective stress, the capillary aperture in
the perpendicular bedding direction of the shale samples
decreases, the flow channel reduces, and the effective flow
width decreases relatively, causing the slippage effect to
strengthen. The capillary aperture in the parallel bedding
direction of the shale samples decreases to a smaller extent due
to lower stress sensitivity, and the closure of clay micropores in
the parallel bedding direction leads to a relatively larger
proportion of larger pores, resulting in a relative increase in
the effective flow width and a weakening of the slippage effect.

3.5. Geological Significance. Shale gas reservoirs are
unconventional oil and gas resources, with permeability
generally in the nanodarcy range. These complex and
heterogeneous gas reservoirs require innovative exploration
and completion strategies to economically produce natural gas.
Despite the widespread estimates of significant natural gas
reserves in shale gas reservoirs, achieving economically viable
flow rates technically remains challenging, partly due to an
insufficient understanding of the fluid transport processes in the
matrix and fracture systems of these rock types. However, shale
formations still possess the conditions for shale gas occurrence,
and shale gas production enhancement and stabilization can be
achieved through reservoir modification and other production
measures.81

Extensive research and practice have shown that the accuracy
of shale stress sensitivity assessment directly affects the accuracy
of calculating in situ reserves of shale oil and gas. The effective
determination of the conversion standard from conventional
reservoir physical parameters to in situ physical parameters and,
consequently, the calculation of true reserves, can only be
achieved through a clear understanding of the stress sensitivity
law of reservoirs. Stress sensitivity serves as a crucial parameter
in determining the appropriate pressure drop for production in
oilfield operations. Only by quantitatively clarifying the stress
sensitivity characteristics of the reservoir can safe and efficient
production of shale oil be achieved; that is, the accuracy of stress
sensitivity understanding directly affects the degree of improve-
ment in the recovery rate.82

In the process of shale gas development, the gas transport
process can be divided into two stages: In the first stage, known
as thematrix transport stage, gas from the pores inside the source
rocks enters the fracture network system through matrix
nanochannels. In the second stage, known as the fracture
transport stage, gas in the fracture network system enters the
wellbore in the form of Darcy flow. The second stage has a fast
flow rate and large flow volume, which determines the initial
production after the hydraulic fracturing of gas wells. The gas
transport speed in the first stage is relatively slow, but it lasts for a
long time and is a key factor in determining the long-term stable
production capacity of gas wells. From the perspective of

Figure 10. Gas transport during shale gas development.
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commercial shale gas production, fractures are considered the
main pathway for gas production. However, some studies
indicate that even in the presence of hydraulic fracturing
fractures, the long-term gas production constraint in shale gas is
still fluid transport in the matrix. Therefore, shale matrix
permeability is one of the key parameters for the sustained
production of shale gas wells.
Many actual exploitation data of shale gas fields show that the

production of shale gas will generally experience a rapid decline,
followed by a slow decline, and finally maintain a stable
state.83,84 For shale gas development, as the continuous
reduction of gas inside the pores caused by the exploitation
andmigration of shale gas, the gas pressure will decrease, and the
effective stress borne by the rock framework will gradually
increase, leading to internal pore compression and reduced flow
channels. The matrix permeability of the shale reservoir will
decrease, resulting in a decrease in gas flow, a rapid decline in
shale gas production, and at this time, the gas slippage effect is
weak, and the gas flow state is in the slip flow range. When the
gas pressure decreases to a certain stage and the internal pores
are very small, the collision between gas molecules and the pore
walls is more frequent than the collision between gas molecules,
and the gas flow behavior is more characterized by single-
molecule and pore wall collisions, influenced strongly by the
molecular slippage effect. The matrix permeability of the shale
reservoir will increase, the gas flow rate will increase somewhat,
and the shale gas production will slowly decline. At this time, the
gas slippage effect is strong, and the gas flow regimes transition
from slip flow to transition flow or even Knudsen flow (Figure
10). According to the results of this study, when the pore
pressure of the deep marine shale decreases to 6 MPa, the
permeability will increase, and the gas flow regimes transition
from slip flow to transition flow and Knudsen flow; when the
pore pressure of the marine−continental transitional shale
decreases to 4 MPa, the permeability increases, and the gas flow
regimes transition from slip flow to transition flow. The flow
regimes’ transition related to the gas slippage effect in the shale
matrix transfer process may be the key factor for the continuous
stable production of shale gas wells.
The factors affecting the decline rate of shale gas production

from horizontal wells have been studied by the researchers. It
was found that, in the early stages of production, higher matrix
permeability is associated with a slower daily gas production
decline. In the later stages of production, the higher the matrix
permeability, the higher the daily gas production, and the faster
the rate of decline.85 This indicates that throughout the entire
shale gas production process, the daily production of deep
marine shale gas, which has higher permeability, consistently
exceeds that of marine−continental transitional shale gas. The
production of shale gas from the deep marine shale Jiaoye XHF
well is 6 × 104 m3/d, while the Jiyue-Ping 1 well in the marine−
continental transitional shale yields 3.5 × 104 m3/d. When the
wellhead pressure drops to 3 MPa, the recoverable reserves of
the Jiaoye XHF well increase from 1.1 × 108 to 1.28 × 108 m3, an
increase of 0.17 × 108 m3.86 Simulation results of the cumulative
gas production after 20 years for the Jiping 1Hwell show that the
ultimate recoverable reserves increase from 4760 × 104 to 5660
× 104 m3, an increase of 900 × 104 m3.87−89 In summary,
compared to the marine−continental transitional shale, deep
marine shale exhibits greater shale gas production, production
rates, and production duration.

4. CONCLUSIONS
Permeability, stress sensitivity, and gas flow mechanisms for the
deep marine shale from the Longmaxi Formation and the
marine−continental transitional shale from the Longtan
Formation in the southeastern Sichuan Basin are analyzed and
compared in this study. The following conclusions are obtained.
(1) The porosity and gas permeability of the deep marine

shale is greater compared to the marine−continental
transitional shale. The elevated fluid pressure in the deep
marine shale creates favorable conditions for the
preservation of nanopores, leading to a higher nano-
porosity in the deep marine shale compared to the middle
and shallow shale. The presence of a high quartz content
hinders the compaction of deep shale while supporting
nanopore channels, thereby increasing the permeability of
the deep marine shale compared to the transitional shale.

(2) The intrinsic permeability stress sensitivity of the deep
marine shale samples is higher than that of the marine−
continental transitional shale, possibly due to differences
in mineral content. Additionally, the stress sensitivity of
the intrinsic permeability in the perpendicular bedding
direction of shale samples is greater than that in the
parallel bedding direction, which may be related to the
compaction effect of shale bedding.

(3) The flowmechanism of the deepmarine shale is transition
flow and Knudsen flow, while that of the marine−
continental transitional shale is transition flow. The deep
marine shale possesses smaller nanopore sizes and a
higher quantity of micropores, which create advantageous
conditions for gas transport within nanopores. The
slippage effect is stronger in the perpendicular bedding
direction than in the parallel bedding direction for shale.
As the effective stress increases, the slippage effect in the
perpendicular bedding direction intensifies, while the
slippage effect in the parallel bedding direction weakens.

(4) During the shale gas development process, the decrease in
gas pore pressure and the increase in effective stress cause
a reduction in permeability, leading to a rapid decline in
shale gas production. When the gas pressure decreases to
the critical value, the enhanced slippage effect compen-
sates for the decrease in permeability, thereby reducing
the rate of decline in shale gas. The critical value of the
deep marine shale is higher than that of the transitional
shale, indicating that the deep marine shale gas reaches a
stable production state earlier. The flow capacity of the
deep marine shale is stronger, leading to a longer
production time for shale gas wells.
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