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Abstract: The occurrence mechanism of methane is very important as evaluating the gas-bearing
properties of marine shale reservoirs, and the evaluation of the development effect of shale gas wells
need to focus on the migration mechanism of methane. In this study, LTNA technology and NMR
technology were used to analyze the pores and methane of shale. The results show that inorganic
pores have better connectivity, larger pore size, and micro-nano cracks between pores compared
to organic pores. Most of the pores in shale are micropores and mesopores, which provide most
of the specific surface area, but the contribution of macropores to pore volume cannot be ignored.
Adsorbed gas volume depends on the pore surface area and gas pressure, while free gas volume
depends on pore volume and gas pressure. The pore structure of micropores and mesopores is
complex, and the specific surface area is large. The dispersion force between pore surface molecules
and methane molecules is firm, which makes the pore wall an ideal enrichment space for adsorbed
gas. Macropores have larger pore volumes and can store more free gas. In the process of gas well
development, free gas is first discharged from pores under the action of the pressure gradient. As
the pore pressure is lower than the critical desorption pressure, adsorbed gas begins to desorb in
large quantities. It should be noted that the desorption process of adsorbed gas is slow and persistent,
which makes it impossible for gas wells to achieve higher recovery in a shorter production cycle.
Therefore, improving the recovery rate of adsorbed gas is the key to future research on shale gas
development effects. This study is helpful in clarifying the occurrence and migration mechanism of
methane in marine shale reservoirs and guiding the development of gas wells.

Keywords: marine shale; methane; low—temperature nitrogen adsorption; nuclear magnetic resonance;
occurrence; migration

1. Introduction

Studying shale gas’s adsorption and migration mechanism in marine shale reservoirs
is of great significance for guiding shale gas development. The rock skeleton of marine
shale includes organic matter, clay minerals, and brittle minerals, and the pore structure
is composed of a complex micro-nano pore network [1]. Methane (CH,) is the major
component of shale gas, but there are also small amounts of CO,, Ny, ethane (C,Hg), and
other gases in shale gas [2,3]. Biogenic CH, in marine shale is produced by anaerobic
biodegradation of organic matter [4]. Shale gas takes shale pores as the occurrence space.
In these pores, part of the gas exists in the free space of the pores as a free state to form free
gas, and part of the gas occupies the adsorption site on the pore surface as an adsorption
state to form adsorption gas [5,6]. The occurrence mechanism of adsorbed methane in shale
reservoirs is determined by the fundamental properties of the micro-nano pore-fracture
system and the adsorbed gas is concentrated on the surface of micropores and mesopores.
The amount of adsorbed gas mainly depends on the specific surface area of the pores and
is also affected by TOC content, temperature, pressure, and water content. Free methane
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accumulates in mesopores and macropores with high density in the supercritical state.
The free gas content is affected by reservoir space, pore structure, burial depth, formation
temperature and pressure, supercritical fluid properties, and shale water content. As the
storage space of shale gas, pores also play the role of the gas migration channel. The
migration mechanism of methane in marine shale reservoirs is the basis for studying
the development effect of gas wells. It is of great significance to clarify the mobilization
characteristics of methane in pores—fractures—wellbores to guide the development of shale
gas wells. The permeability of marine shale is generally in the range of 107 18~1072! m?,
and the pore scale is distributed between a few nanometers and hundreds of nanometers.
The average free path of gas molecules is close to the pore scale. The collision between gas
molecules and pore walls has a significant impact on gas flow, and the traditional Darcy’s
law is no longer applicable. Methane migration in marine shale results from multiple
mechanisms (viscous flow, molecular diffusion, Knudsen diffusion, and desorption of
adsorbed gas) [7,8]. Gas flow in shale reservoirs is driven by a pressure gradient between
macropores and hydraulically fractured macrofractures. Free gas is expelled from the
pores by viscous flow and Knudsen diffusion, and as the pressure in the pores decreases,
the gas adsorbed in the shale matrix is gradually desorbed to recharge the free gas in the
pores [9]. Due to the deep burial of shale reservoirs (hundreds of meters to thousands of
meters), the overlying pressure is large; the attenuation of reservoir pressure causes the
compression of shale reservoirs, the pore size decreases, and the inherent permeability of
shale also decreases.

Many scholars have found a positive correlation between shale porosity and total
gas content [10,11]. The micro-nano pore structure characteristics of marine shale can
be analyzed by low-temperature nitrogen adsorption (LTNA) and high-pressure mercury
injection technology. It can be found that the nanopore structure of shale is complex and
mainly composed of flat pores. The pore size is concentrated between 2~30 nm. Pore
volume is mainly controlled by mesopores, and specific surface area is mainly controlled by
micropores and mesopores [12]. The volume and pore size distribution of rock pores can
significantly affect the occurrence of shale gas, especially free gas [13]. Laminar infiltration
and capillary condensation of gas mainly occur in mesopores and macropores, which
are conducive to the storage of free gas. The content of free gas is positively correlated
with pore volume and gas pressure. Adsorption is an important mechanism of shale
gas accumulation, which determines the enrichment characteristics of shale gas to some
extent [14]. According to different reservoir characteristics, absorbed gas accounts for
20~85% of the total gas volume [15-17]. Compared with macropores, micropores and
mesopores have a larger specific surface area. Microporous and mesoporous wall spacing
is small, with high adsorption potential. Therefore, the interaction between the pore
surface and the adsorbate molecules is stronger, and the adsorption capacity of the gas
molecules is stronger [18]. The pore size of shale pores ranges from several nanometers
to hundreds of nanometers. The pore shapes are divided into flat and cylindrical and
other irregular shapes [19,20]. The complexity of the pore structure and unique occurrence
mechanism of shale gas leads to the complexity of gas migration [21,22]. Conventional
gas flow equations are not ready to describe gas migration in micro/nanopores of shale
reservoirs due to adsorption-desorption and microscale effects [23]. In terms of adsorption,
the desorption of adsorbed gas contributes a lot to gas well production. A large amount of
adsorbed gas occupies the pore surface and diffuses on the pore surface under the action of
the concentration gradient, which contributes to the slip and diffusion of free gas in the
seepage channel [24-26].

The mechanism of methane occurrence is an important basis for evaluating reservoir
gas content. The evaluation of the shale gas well development effect must pay attention
to the methane migration mechanism. A core scale simulation experiment is an effective
means to understand the development law of shale gas. Therefore, this study analyzes the
pore size distribution characteristics of shale through the LTNA experiment and then uses
NMR technology to monitor the saturated gas production process of shale to quantitative
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analysis of methane. Clarifying the occurrence mechanism of shale gas is helpful in
accurately evaluating the gas content of marine shale and calculating the reserves of target
reservoirs. In order to assess the law of gas production in the development process of
shale gas wells and then build development strategies, researchers must understand the
migration mechanism of shale gas. This study considers methane occurrence and migration
characteristics in pores of different scales. Introducing NMR technology allows quantitative
analysis of methane, which provides theoretical support for the selection and efficient
development of shale gas wells.

2. Theory
2.1. Nuclear Magnetic Resonance Technology

NMR analysis of shale reservoir properties and fluid characteristics is based on a study
of the response of hydrogen nuclei in media such as water and methane in a magnetic
field [27-29]. A hydrogen nucleus spins in a magnetic field, producing a measurable
signal reflected in different amplitudes, called a relaxation time spectrum [30]. NMR
relaxation time is divided into longitudinal relaxation time (T7) and transverse relaxation
time (T3) [31]. T1 and T, measurements can obtain approximate sample information, and
the consistency between them is good. However, compared with T1 measurement, T
measurement has the advantages of a simple measurement process and short measurement
time, so it is widely used in the study of physical reservoir properties [32].

The transverse relaxation phenomenon is affected by three different relaxation mecha-
nisms: free relaxation (T5p), surface relaxation (T5s), and diffusion relaxation (T,p).

L1 1 "
T, Top Ts Tp

The mechanisms of the three relaxation times are different [33,34]. Free relaxation is
determined by the physical properties (such as viscosity) of the fluid, which are caused
by local magnetic field fluctuations because of the random motion of the spins of adjacent
hydrogen nuclei. Diffusion relaxation is caused by the self-diffusion of molecules in a
gradient magnetic field. Surface relaxation is caused by the contact between the fluid and
the surface of porous media. Because the pore size of shale is nanoscale, surface relaxation
plays a major role.

In this study, no gradient field was applied. The experiment attempted to maintain a
low internal gradient and a uniform magnetic field environment. CPMG pulse sequence
measurement can minimize the influence of diffusion relaxation, so diffusion relaxation
can also be ignored. Equation (1) can be simplified as

1 1 1
= 2
I, Top  Tos @
The free relaxation can be expressed as
TaB 12 '

D is the methane diffusion coefficient, um?/ms, G is the magnetic field gradient,
gauss/cm, 7 is the gyromagnetic ratio, rad-s~!-T~!, and T is the echo interval, ms.

Surface relaxation is controlled by the specific surface area of shale pores (the ratio
of rock pore-specific surface area to pore volume) [35]. The pore-specific surface area is
positively correlated with surface relaxation. Surface relaxation time can be expressed as

1 S

Tos P2y 4)
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02 is the surface relaxation rate, S is the shale pore surface area, and V is the pore
volume of shale.
T, of shale pore fluids can be expressed as

2
2

It can be seen from the above formula that the essence of studying shale reservoir
characteristics based on nuclear magnetic resonance technology is to use the free relax-
ation characteristics and surface relaxation characteristics of hydrogen-containing fluids
in shale pores and fissures to analyze the occurrence state of fluids in shale and explore
the interaction mechanism between fluids and shale to reveal the comprehensive dynamic
development effect of shale gas wells.

2.2. Marine Shale Reservoir Characteristics

The geological characteristics of marine shale reservoirs can be summarized as self-
generation and self-accumulation, large-area continuous accumulation, low porosity, low
permeability, rich in organic matter, the natural fracture development of structure and hy-
drocarbon generation, and four aspects of coexistence of adsorbed and free shale gas [36,37].
The composition of shale includes organic and inorganic components. Organic ingredients
mainly include organic carbon, kerogen, and asphalt [38]. Organic matter will reduce the
density of shale, increase the porosity of shale, provide a place for the occurrence of shale
gas, increase the anisotropy of shale, change the wettability of shale, and promote gas
adsorption. The microstructure and mineral content of marine shale were analyzed by SEM
and XRD. It was found that the shale matrix was composed of argillaceous particles and
non-argillaceous particles [39]. Muddy particles are composed of thin slices of various clay
minerals such as illite, kaolinite, and chlorite. Non-mud particles are composed of quartz,
calcite, and other particles. There are various kinds of pores between particles and between
slices [40]. Clay minerals increase the proportion of adsorbed shale gas due to their large
surface area and microscopic pores [41]. Inorganic minerals can affect the microscopic
pore-fracture structure in shale, which in turn affects the gas adsorption capacity of the
reservoir. Macroscopic anisotropy determines the basic physical and mechanical properties
of shale reservoirs.

Pores in shale can be divided into organic pores, inorganic pores, and fracture
pores [38]. According to the pore size, the pores in shale can be divided into microp-
ores (D <2 nm), mesopores (2 < D <50 nm), and macropores (D > 50 nm) [42]. According to
the different locations of pores, the micro-nano pores in shale reservoirs can be divided into
intragranular dissolved pores, intergranular dissolved pores, interlayer micropores, matrix
dissolved pores, and organic pores [43]. In this study, the pores and fractures of shale reser-
voirs were classified by scanning electron microscope. Pores can be divided into organic
matter (bitumen/kerogen) pores, mineral pores (intragranular pores, intercrystalline pores,
dissolution pores, etc.), and pores between organic matter and various minerals. According
to the scale of cracks, cracks can be divided into micro cracks, small cracks, medium cracks,
large cracks, and giant cracks [44]. Pores and fractures are the storage space of methane
in shale reservoirs, which largely determines the shale gas reserves. In addition, pores
and fractures with good connectivity are the main channels for shale gas seepage, which
determines the productivity of gas wells.

Pore and fracture structure characteristics of marine shale were obtained by FIB-
SEM (Figure 1). Organic matter contains many relatively isolated pores, showing poor
connectivity of organic pores in shale (Figure 1a). Most organic pores have a pore size of less
than 500 nm, mostly micropores and mesopores, with a diameter of less than 50 nm. These
small organic pores are cylindrical or spherical and are isolated. The number of cylindrical
macropores is small, and the connectivity is good. The pore size of the inorganic pores is
obviously larger than that of organic pores (Figure 1b). Inorganic pores are mostly irregular
cylindrical or fractured, and their distribution is relatively concentrated. Micro-nano cracks
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make their connectivity better than organic pores. Expanding the field of vision, it can be
found that the matrix is mostly clay minerals and brittle minerals. In addition to certain
organic matter, pyrite is also dispersed (Figure 1c). Further expanding the field of vision,
shale organic matter distribution is relatively dispersed. Clay minerals are mixed with
organic matter and brittle minerals. There are many micro—nano cracks in brittle minerals.
In addition, pores and cracks are distributed in the mineral cementation (Figure 1d).

e inorganic
o Bl
& matfér

Figure 1. Pore and fracture structure characteristics of marine shale. (a) Organic matter contains many
pores with poor connectivity. Most organic pores are micropores and mesopores with a diameter of
less than 50 nm, and the number of macropores is relatively small. (b) The connectivity of inorganic
pores is better than organic pores, most of which are macropores, and there are some micro-nano
cracks. (c¢) The matrix of marine shale is mostly clay minerals and brittle minerals. In addition to a
certain amount of organic matter, pyrite is scattered. (d) Organic matter wrapped by clay minerals is
scattered in shale, and micro—nano cracks connect the pores in brittle minerals. In addition, there are
many pores and cracks in mineral cementation.

3. Samples and Methods

The marine shale of the Longmaxi Formation in the Sichuan Basin, China, was selected
as the experimental sample. The experimental sample was a standard columnar sample
with D = 25 mm. First, a part of the sample was pulverized into 200 mesh powder, and then
LTAN was carried out to obtain the pore size distribution characteristics of shale. Then, a
part of the shale sample was taken for the methane saturation-gas production experiment.
The basic parameters of the sample are shown in Table 1. The sample was dried (105 °C,
48 h) before the experiment’s commencement in order to extract as much liquid water from
it as possible. The methane saturation—gas production experiment was then conducted. In
order to make sure that the water did not interfere with the NMR signal of methane, we
first assessed the sample’s NMR base signal and then adjusted the following NMR signal
based on this. The main frequency of the NMR rock sample analyzer was set to 4.520 MHz,
half of the interval between the two echoes was 70 us, the number of echoes was 512, and
the average number of times was 64.
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Table 1. Basic parameters of the saturated-gas producing experimental samples.

Length Diameter Mass Posity (Helium)  Pulse-Decay Permeability
(mm) (mm) (g) (%) (mD)
57.79 25.07 73.14 3.10 3.54 x 1073

The LTNA method is suitable for studying the distribution of solid nanometer pores [45].
The LTNA of shale was carried out using the Micromeritics ASAP2420 specific surface
analyzer. Firstly, the sample was vacuumized at 120 °C for 3 h, and the vacuum degree
was 1.0 x 1073 Pa. Then, high-purity nitrogen with a purity greater than 99.999% was used
as the adsorbate, and the nitrogen adsorption amount under different relative pressures
was measured at —195.8 °C. The operation process was conducted in accordance with
GB/T 21650.2-2008. The nitrogen adsorption-desorption curve was plotted according to
the relationship between the relative pressure and the adsorbed gas volume per unit mass
sample (Figure 2a). The specific surface area of the sample was obtained according to the
BET two-constant formula, the desorption curve of nitrogen was calculated using the BJH
method, and the pore size distribution of the sample was finally obtained (Figure 2b).
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Figure 2. (a) Adsorption-desorption curve and (b) pore size distribution characteristics of experi-

mental samples.

As the relative pressure is small, the adsorption curve and desorption curve of shale
rise steadily, and the desorption curve has an inflection point near P/Py = 0.5. The adsorp-
tion curve and the desorption curve overlap, and the hysteresis loop gradually closes as
the relative pressure is close to 1. According to the theory of adsorption and condensation,
it shows that pores with a diameter of over 100 nm are mainly impermeable pores with
one end closed. The pores with a diameter of 10-100 nm are mainly slit capillary pores and
cylindrical open pores. The pores with a diameter of less than 10 nm are mainly ink bottle
pores and impermeable pores with one end closed [46].

The test results show that the average pore diameter is 13.05 nm, BET specific surface
area is 8.46 m? /g, and BJH total pore volume is 0.0267 mL/g. Micropores and mesopores
with a pore size less than 50 nm contributed 72.86% of the pore volume and 96.66% of the
specific surface area. Macropores with pore size greater than 50 nm contributed 27.14%
of the pore volume and 3.34% of the specific surface area. This indicates that the pores in
shale are mainly micropores and mesopores. In comparison, micropores and mesopores
provide the vast majority of specific surface area, and the contribution of macropores to
pore volume cannot be ignored.

4. Results

Pore structure and pore size are the major controlling factors of reserves and produc-
tion [47]. Researchers usually combine mercury intrusion, liquid nitrogen, SEM, X-CT,



Energies 2022, 15, 9043

7 of 15

NMR, and other test methods to characterize the full pore size distribution [48,49]. NMR
also can characterize the full pore size of shale [50]. NMR is a non-destructive testing
method that characterizes the pore characteristics of shale based on the information of
hydrogen nuclear signals in relaxation time spectra [32]. According to Equation (3), there
is a certain internal relationship between NMR T distribution and pore size distribution
(§/V). Therefore, many researchers have used different mathematical methods or other
auxiliary experimental methods to obtain the conversion coefficient between the two and
realized the characterization of pore size distribution based on NMR [51,52].

In Equation (3), S/V is the reciprocal of the pore radius. The pore shape factor FS is
introduced into Equation (3). Assuming that the rock is a single pore type, the expression
of pore radius r of rock can be obtained by conversion.

r = p2FsT5. (6)

It can be seen from Equation (6) that as long as the surface relaxation rate coefficient
(p2) and pore shape factor (Fs) of a specific shale sample are obtained, they can be converted
into pore size distribution according to NMR T, distribution of the sample. Shale pores are
mostly connected cylindrical pores, so Fs usually takes 2 [53]. The surface relaxation rate
coefficient of shale samples can be obtained by the experimental method, which, measured
by Sondergeld et al., is 0.501 um/ms [54]. Therefore, the NMR T, distribution of shale can
be transformed into pore size distribution (Figure 3).

500
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Figure 3. Relationship between T, distribution and pore size distribution of shale. According to
Equation (6), the T spectrum of shale can be divided into three parts: Ty <1 ms, 1 ms < T <25 ms,
and T, > 25 ms, representing the fluids containing hydrogen in micropores, mesopores, and macrop-
ores, respectively.

The relaxation time of adsorbed gas and free gas is different. This feature can distin-
guish the type of shale gas and then analyze the content and proportion of adsorbed gas and
free gas, respectively. The transverse relaxation time T has a corresponding relationship
with the pore size. According to this relationship, shale gas can be divided into adsorbed
gas, mesoporous-free gas, and macroporous-free gas.

The T, spectrum of shale samples in the process of saturated methane shows obvious
three-peak distribution characteristics (Figure 4a). The first peak is called the adsorbed
gas peak. The part between 0.01 ms < T, < 1.00 ms, the peak at T, = 0.10 ms, shows
that the adsorbed gas distributes in the pores of 0.02 nm < D < 2.00 nm and is most
enriched in the pores of 0.20 nm. The second peak is called the mesoporous free gas peak.
This is the part between 5.78 ms < T, < 21.54 ms and the peak appears at approximately
T, =11.16 ms, showing that the free gas in the mesoporous is distributed in the pores of
11.56 nm < D < 43.08 nm and is most enriched in the pores with a diameter of 22.32 nm.
The third peak is called the macropore-free gas peak. This part is between T > 21.54 ms,
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showing that the free gas in the macropore is distributed in pores and fractures with

D > 43.08 nm.
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Figure 4. (a) T, spectra of shale samples and (b) signals of different types of methane during methane
saturation. The ranges of the adsorbed gas peak, mesopore-free gas peak, and macropore-free gas
peak in the T; spectrum are (0.01ms < T, <1 ms), (Ims < Ty < 25 ms), and (T > 25 ms), respectively.

The formation mechanisms of shale gas are in situ retention accumulation and con-
tinuous distribution [55]. Adsorbed gas not only exists in micropores but also adsorbs on
the walls of mesopores and macropores [56]. Adsorbed gas shows a hydrogen nucleus
signal with a low relaxation time on the NMR relaxation map. At the beginning of satu-
ration, methane quickly enters the shale, and most of the gas exists as adsorbed gas and
macropore-free gas (Figure 4b). Macropores with better connectivity and larger volume
are ideal storage spaces for free gas [57]. The methane outside the shale enters the shale
through the macropores and cracks with good connectivity and then fills into the pore-free
space until the pressure is stable. In this process, methane will adsorb on the wall of the
pores and cracks it passes to form adsorbed gas. Saturated for 1h, the saturated gas volume
reached 74.31% of the saturated 25 h gas volume, and the proportions of adsorbed gas,
mesoporous-free gas, and macropore-free gas were 49.26%, 7.27%, and 43.47%, respectively.
At this time, adsorbed gas and macropore-free gas were the main types of methane in the
sample. After 25 h of saturation, the proportions of adsorbed gas, mesoporous-free gas, and
macropore-free gas were 50.64%, 7.34% and 42.02%, respectively, and the three remained
basically unchanged. The content of adsorbed gas and free gas in shale samples increased
simultaneously during the process of saturated methane.

At the beginning of the gas production process, the signal attenuation of the ad-sorbed
gas peak and the mesoporous free gas peak was not large (Figure 5a). After 5 h of gas
production, the total gas content of shale samples decreased by 32.65%, and the contents of
adsorbed gas, mesoporous-free gas, and macropore-free gas decreased by 4.13%, 29.13%,
and 67.89%, respectively. This shows that the adsorbed gas on the pore surface is difficult to
desorb at the initial stage of gas production, and its content is relatively stable. Mesoporous
free gas is partially used passively by the dual effects of capillary pressure and pressure
gradient. In contrast, the signal of the macropore-free gas peak decays rapidly, showing
that the free gas in macropores with good connectivity and large pore size is the major force
in the initial stage of shale gas production. With the increase in gas production time, the
signals of adsorbed gas peak and free gas peak in mesopores gradually decay (Figure 5b).
After 50 h of gas production, the total gas content of shale samples decreased by 72.43%,
and the contents of adsorbed gas, mesoporous-free gas, and macropore-free gas decreased
by 46.91%, 100.00%, and 98.36%, respectively, indicating that with the decrease of pore
pressure, the adsorbed gas on the pore surface began to desorb, and the free gas continued
to discharge under the action of the pressure gradient.
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Figure 5. (a) T, spectrum of shale samples and (b) signals of different methane during gas production.
Most of the gas produced early in gas production is the free gas in the macropores. At the late stage
of gas production, the free gas in the mesopores and the adsorbed gas on the pore wall are produced.

5. Discussion
5.1. Shale Gas Occurrence Mechanism

Marine shale has a rich and complex organic-inorganic pore-fracture system (Figure 1).
Adsorption is a physical process in which methane molecules combine with wall molecules
of porous media under van der Waals force [58]. There are also microscopic forces between
methane molecules. As the adsorption potential energy on the pore surface increases,
methane molecules adsorb on the pore surface. As the kinetic energy of methane molecules
increases, methane leaves the pore surface. Methane molecules are non-polar molecules,
and the polarity of matrix molecules has little effect on the adsorption of methane. Therefore,
the adsorption capacity of porous media to methane depends on the surface area of pores.

After saturation for 1 h (total saturation time 25 h), the total volume of saturated gas
reached 74.31% of the final saturated gas volume, of which adsorbed gas accounted for
49.26% and free gas accounted for 50.74% (Figure 6). Under the action of pressure gradient,
methane quickly enters the pores with good connectivity and occupies the adsorption sites
on the surface of these pores. After 5 h of saturation, the saturated gas volume reached
89.29% of the final saturated gas volume, the free gas volume reached 96.32% of the final
free gas volume, the adsorbed gas volume reached 82.43% of the final adsorbed gas volume,
and the free gas volume accounted for 53.25% of the total gas volume. This shows that the
pressure gradient is the major driving force of saturated methane in the early stage of the
shale saturation process, and the free gas content increases rapidly. With the increase in
saturation time, the pressure inside and outside the shale pores gradually balances, the
growth rate of free gas decreases, and the adsorbed gas continues to increase. After 25 h of
saturation, the adsorbed gas accounted for 50.64%, and the free gas accounted for 49.36%.
Adsorbed gas becames the major form of methane in shale. This shows that the saturation
capacity of shale to free gas decreases with the decrease of pressure difference inside and
outside the pore, but methane can diffuse into other pore spaces and adsorb on the pore
surface under the action of the concentration gradient.

The adsorbed gas in shale is dominated by monolayer adsorption and accumulation
(Figure 7a). The high-density aggregation of methane molecules in the first layer is con-
trolled by the dispersion force between the molecules on the surface of organic matter or
minerals and methane molecules. As the distance between the two increases, the dispersion
force decreases while the interaction between methane molecules increases, which makes
the methane molecules in the outer layer (or from the second layer) gradually dissociate
away from the pore wall and aggregate in a free state. The micropores and mesopores
with smaller pores have a larger specific surface area, which plays a decisive role in the
adsorption capacity of shale gas. The size of pore-free space and gas pressure determine
the bulk density of free gas. Free gas volume is positively correlated with gas pressure and
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pore volume. The unit number of macropores has a larger pore volume. This is conducive
to the accumulation of free gas. Molecular dynamics numerical simulation also shows that
most of the methane in mesopores and macropores with a diameter greater than 5 nm is
free gas, the formation pressure of deep shale reservoirs is greater, and the free gas content
is higher (Figure 7b).
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Figure 6. The trend of (a) NMR signal and (b) proportion of different methane during saturation. In
the early stage of saturation, methane enters the shale pores under the action of pressure gradient
and forms adsorbed gas and free gas. With the increase in saturation time, the continuous adsorption
of methane makes the proportion of adsorbed gas in shale gradually increase, and the concentration
gradient becomes the major driving force for shale-saturated methane.
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Figure 7. (a) Diagram of methane distribution in shale pores and (b) molecular dynamics simulation
of methane density distribution curve in 5 nm graphite pore. Methane adheres to the adsorption sites
on the pore surface to form adsorbed gas, which can be adsorbed by a single layer or multilayers.
The high-density area at the pore wall is adsorbed methane, and the low-density area in the pore-free
space is free methane. The amount of adsorbed gas depends on the surface area of the pore and the
gas pressure. In the free space in the middle of the pores, methane occurs in the form of free gas, and
the amount of free gas depends on the pore volume and gas pressure.

The dispersion force between porous media molecules and methane molecules enables
methane to adsorb on the pore surface. Complex micropores and mesopores have a larger
specific surface area, which provides more adsorption sites for methane, so small pores are
the main enrichment space for adsorbed gas. Controlled by pore space, macropores can
store more free gas. In a certain pressure range, with the increase in pressure, the amount
of adsorbed gas in shale increases. After reaching adsorption saturation, the increase in
pressure has little effect on the amount of adsorbed gas. The gas content of the reservoir is
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affected by the pore structure, buried depth, temperature and pressure, water saturation,
and other factors.

5.2. Shale Gas Migration Mechanism

After 5 h of gas production, 32.65% of the gas was discharged from the shale, of
which 93.59% was free gas and 6.41% was adsorbed gas; in total, 61.90% of the free gas
was produced, but only 4.13% of the adsorbed gas was produced (Figure 8). This shows
that at the beginning of shale gas production, free gas was the dominant type of shale
gas produced, and only a small amount of adsorbed gas was produced. Therefore, the
internal and external pressure difference of shale pores is the major driving force behind
gas production.

0
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Figure 8. The changing trend of (a) NMR signal and (b) the ratio of different methane in the process
of gas production. The pressure difference inside and outside the pore first drives the free gas in the
large pore to produce. With the decrease in the pressure difference, adsorbed gas begins to desorb
into the seepage channel and becomes the dominant type of methane produced by gas wells.

Under constant temperature and pressure, the adsorption—desorption of methane
on the shale pore surface is in dynamic equilibrium. When there is a pressure difference
inside and outside the pore, the free gas in the free space enters the low-pressure zone
from the high-pressure zone under the action of the pressure gradient, which drives the
shale gas in the matrix into the wellbore to discharge the reservoir (Figure 9). The output of
free gas reduces the gas pressure of pores, and the adsorption—desorption equilibrium of
methane is broken. The researchers found that only when the pore pressure was less than
the critical desorption pressure (12.0~18.5 MPa) did the adsorbed gas begin to desorb in
large quantities [59]. Therefore, a large amount of free gas was produced in the early stage
of shale gas production. When the pore pressure dropped below the critical desorption
pressure, the adsorbed gas gradually desorbed into the pore-free space and continued to
produce under the action of the concentration gradient.

It should be noted that the desorption of adsorbed gas was slow and persistent. After
50 h, 53.09% of adsorbed gas was not produced, and adsorbed gas was more difficult to use
than free gas. Wellsite production data indicate that shale gas wells have the characteristics
of early high yield, fast decay rate, and long production cycle. The characteristics of
low desorption rate of adsorbed gas affect the development effect of gas wells. Therefore,
improving the recovery of adsorbed gas is the key to future shale gas development research.
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Figure 9. Shale gas production process (a) early and (b) late methane distribution and migration

process diagram. Free gas first migrates from the high-pressure zone to the low-pressure zone under

the action of the pressure gradient. When the pore pressure is lower than the critical desorption

pressure, the adsorbed gas gradually desorbs and diffuses from the high-concentration region to the

low-concentration region through the seepage channel.

6. Conclusions

In this study, the pore size distribution characteristics of shale were analyzed using
a low-temperature nitrogen adsorption experiment, and then the saturated methane-gas
production process of shale was monitored by nuclear magnetic resonance technology
to quantify the methane in shale. Finally, we obtained the occurrence and migration
mechanism of methane in marine shale. The conclusions of this study are as follows.

(1) Marine shale reservoirs have many organic matter pores and poor connectivity. Most
organic pores are cylindrical or spherical micropores and mesopores (less than 50 nm
in diameter). The pore size of inorganic pores is obviously larger, and the connectivity
is better, mostly irregular cylindrical or flat. There are many micro-nano cracks in
brittle minerals. In addition, there are many pores and cracks in the mineral cementa-
tion. According to the LTNA test results, most of the shale pores are micropores and
mesopores, which provide the vast majority of specific surface areas. In addition, the
contribution of macropores to pore volume cannot be ignored.

(2) The adsorption of methane is controlled by dispersion force between pore surface
molecules and methane molecules. Dispersion force is negatively correlated with
distance. The binding effect of the outer methane is weakened, and free gas is
gradually separated from the hole wall. Adsorbed gas volume depends on the pore
surface area and gas pressure, and the free gas volume depends on the pore volume
and gas pressure. Micropores and mesopores with complex structures and large
specific surface areas can provide more adsorption sites for methane, which are the
major enrichment spaces of adsorbed gas. Macropores with large pore volumes are
the ideal space for free gas.

(3) Under constant temperature and pressure conditions, the adsorption—desorption of
methane is in a dynamic equilibrium state. The free gas first enters the low-pressure
zone from the high-pressure zone under the action of the pressure difference inside
and outside the pore. When the pore pressure is lower than the critical desorption
pressure, the adsorption—desorption equilibrium of methane is broken, and the ad-
sorbed gas begins to desorb. Therefore, a large amount of free gas is produced in the
early stage of shale gas reservoir development. In the later period, adsorption gas
replaces free gas to become the main gas. This makes shale gas wells generally have
the characteristics of early high yield, fast decay rate and long production cycle. It
should be noted that the desorption process of adsorbed gas is slow and persistent,
and improving the recovery rate of shale gas adsorbed gas is the key to future shale
gas development research.
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