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Although substantial advances have been made in investigating the storage and transport properties of shale gas
in past decades, understanding of the flow characteristics and gas-bearing property in organic pores remains
limited. In this paper, organic pores in the organic matter (OM) of the marine Longmaxi Formation are classified
into six types based on the morphology and sizes of nanoscale pores. The structures of the six types of typical
organic pores under high temperature and pressure are investigated based on the digital core compressibility
method introduced in this paper. The results show that the pore-size distribution and connectivity of organic
pores under high temperature and pressure are considerably different from those under conventional conditions.
The apparent permeability of OM with different proportions of macropores, mesopores, and micropores are
analyzed. The results demonstrate that the permeability of OM with Type 1 organic pores has the largest changes
after compaction, whereas OM with Type 5 organic pores has a relatively smaller change. The regularities of the
absolute adsorption amount and the free gas amount of OM with typical organic pores are also investigated. The
absolute adsorption amount of OM decreases with the proportion of macropores, whereas the amount of free gas
of OM increases. Finally, a chart of the absolute adsorption amount and the free gas amount of OM at different
depths is given, which is helpful for estimating the gas-bearing capacity of OM and preliminary understanding
the quality of a shale reservoir.

1. Introduction pressure and temperature.

Natural gas in shale is mainly stored in shale reservoirs as adsorbed

Because of the world's ever-growing demand for energy, organic-
rich shale has become increasingly important. Differing from conven-
tional reservoirs, shale rock has abundant tiny pores (at nanoscale),
which are the main reason for the extremely low porosity and perme-
ability of these rocks (Javadpour et al., 2007; Loucks et al., 2009; Reed
and Ruppel, 2012; Yang et al., 2014; Akkutlu et al., 2015). Nanoscale
pores, which are mainly in organic matter (OM), can significantly affect
the storage and percolation of shales (Chen et al., 2016; Darabi et al.,
2012; Guo et al., 2015; Javadpour, 2009; Sheng et al., 2016). Espe-
cially, shales of the Paleozoic Erathem, which are widely distributed in
southern China, are deeply buried and have reached high maturity (Liu
et al., 2015). The properties of organic pores in environments with high
pressure and temperature are usually quite different from those with
normal pressure and temperature. Thus, it is important to study the
properties of typical organic pores in deep formations with high

gas on the surfaces of pores and free gas in pores, as well as a small
amount of dissolved gas (Curtis, 2002). According to this pore classi-
fication of IUPAC, pores in shale have commonly been divided into
three groups: macropores (> 50 nm), mesopores (2-50 nm) and mi-
cropores (< 2nm) (Rouquerol et al., 1994). Xiong et al. (2017) have
revealed that the free gas amount has a good correlation with the vo-
lume of macropores and mesopores. This is because that these two
kinds of pores have large volume. Whereas at the same temperature and
pressure, the density of the adsorbed gas in mesopores and micropores
is much higher than that of the free gas, and this is because that me-
sopores and micropores account for most specific surface area. Ross and
Bustin (2009) have shown that pore structure is one of the major factors
that controls gas capacity. Organic pores in OM are composed of
macropores, mesopores, and micropores. Different OM may have quite
different proportions of three kinds of pores. Thus, the gas-bearing
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Fig. 1. SEM images of typical organic pores.

Table 1
The proportions of different pores for the six typical organic pores.
Type 1 Type 2 Type 3 Type 4 Type 5 Type 6
macropores 40.25% 67.11% 34.45% 7.30% 0 15.82%
mesopores 52.71% 25.87% 64.45% 88.10% 23.38% 64.08%
micropores 7.04% 7.02% 1.10% 4.60% 76.62% 20.10%

property of different OM may differ considerably. It is necessary to
study the gas-bearing property of OM with typical organic pores in
shale reservoirs.

The transport of gas in shale is quite complex compared with con-
ventional reservoirs as shale is rich in nanopores, which are primarily
present in OM (Chen, 2016; Naraghi and Javadpour, 2015; Wang et al.,
2016). Fathi and Akkutlu (2011) simulated the gas dynamics in organic
matter based on the lattice Boltzmann method (LBM) and found that
Darcy's law is only applicable for large organic pores (> 100 nm). Then,
Akkutlu and Fathi (2012) separated kerogens from inorganic matrix by
a newly proposed dual-porosity model. The result revealed that gas
transport in kerogen was dominated by non-Darcy flow. By studying the
effects of the apparent permeability at different pore pressures, Song
et al. (2016) found that apparent permeability decreases with pore
pressure when organic pore radii are smaller than 20 nm and remains
nearly constant for organic pores larger than 20 nm. The above research
demonstrates that organic pores in OM play an important role in the
transport of shale gas, and that the structure and size of organic pores
can greatly affect the flow properties of gas. The structure and mor-
phology of organic pores may change from OM to OM, and the gas flow
in different OM may be quite different. Thus, it is necessary to in-
vestigate the regularities of the gas transport properties in typical or-
ganic pores.

As mentioned above, shales in southern China are usually deeply
buried with reservoir conditions of high pressure and temperature.
Dong et al. (2010) compared the stress sensitivity of shale matrix with
sandstone based on experiments. They found that the apparent per-
meability of shale has a stronger stress dependence than that of sand-
stone. In 2015, a conceptual flow model, coupling molecular transport
and stress dependence, was developed by Wasaki and Akkutlu (2015).

The sensitivity analysis in this paper revealed that as the effective stress
increases, slit-shaped pores are closed, and the apparent permeability is
significantly influenced by the stress. Later, to study the effect of ef-
fective stress on shales, Wu et al. (2016) proposed a gas transport model
for organic-rich shales. The simulation results revealed that the influ-
ence of effective stress on gas transport is dependent on shale me-
chanical properties and gas transport mechanisms. However, in this
model, two fitting coefficients of the permeability and porosity should
be determined experimentally, and it is time-consuming to conduct
experiments to measure these coefficients. Moreover, it is also not
suitable for shales to use a constant stress-sensitive parameter to
characterize the compression effect. Recently, Sheng et al. (2018) have
introduced a compression coefficient to study the stress dependence of
the apparent permeability of organic matter and inorganic matter. They
found that for relatively large pores (> 10 nm), the effective stress had
similar influence on the permeability of OM and inorganic matter.
However, that paper only examined the effect of compressibility for
individual pores with different sizes, and real shale has a multiscale
pore structure that represents a network. Moreover, none of the above
models considers the coupling of pore pressure and the effective stress
during compaction. Overall, research on the compressibility of shales is
still not a mature research field, and it is necessary to improve current
methods to investigate the gas transport property and storage me-
chanisms of typical organic pores under high temperature and pressure.

The rest of our paper is organized as follows. First, we describe the
characteristics of typical organic pores in OM and the digital core
compressibility models. Then, the structure of six types of organic pores
under high temperature and pressure are examined. The permeability
and the ratio of the apparent permeability (kapp) and Darcy perme-
ability (kd) are calculated. Then, the regularity of flow characteristics
depending on different compositions of macropores, mesopores, and
micropores are summarized. The gas-bearing property of OM with ty-
pical organic pores under high pressure and temperature is also in-
vestigated. The final section summarizes the paper and presents some
important conclusions.
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Fig. 2. The reconstructed digital cores of six types of the organic pores. The digital core is reconstructed based on the CCSIM-TSS method and the

corresponding 2D images in Fig. 1. The sizes of the digital cores for Type 1-6 organic pores is 3.2¥3.2*3.2 um®, 3.2¥3.2*3.2 pm®, 3.2%3.2*3.2 um?
2.4%2.4*2.4 ym®, 0.6%0.6*0.6 ym® and 2.0%2.0%2.0 pm®.
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Fig. 3. Compacttion of pores with different sizes.

2. The structure of typical organic pores
2.1. Typical organic pores

For this paper, we chose typical organic pores that are widespread
in OM of Lower Silurian Longmaxi Formation marine shale in
Changning-Weiyuan region. Lower Silurian Longmaxi Formation was
deposited in the shelf and intra-shelf low foreland setting with a
thickness of 50-600 m. The lithology of the Lower Silurian Longmaxi
Formation in Changning-Weiyuan region in the Sichuan Basin, China is
mainly the marine organic-rich and quartz-rich siliceous shale.
Moreover, the lithology on the upper of the formation is different from
that in the lower section. The lower section, as the shale gas target, is
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characterized by black and grayish-black graptolite rich shale. And the
upper section of the formation is composed of dark gray silty shale
unequal interbedded with dark gray argillaceous limestone and silt-
stone laminas. After observing the SEM (Scanning Electron Microscope)
and HIM (Helium-Ion-Microscope) images of many shale samples in this
area, we found that the typical organic pores can be classified into six
types according to the morphology of the nanoscale pores. Type 1 or-
ganic pores have large numbers of typical flocculated clay pores and
some circular pores. The typical flocculated clay pores are strip-shaped
macropores, and the circular pores are round mesopores and micro-
pores. Type 2 organic pores have many round macropores and some
mesopores and micropores. However, in Type 3 organic pores, the
proportions of macropores and mesopores are almost equal, and the
macropores and mesopores have a balanced development. In contrast
with the above three types, there are a large portion of mesopores and a
small portion of micropores in Type 4 organic pores, and Type 5 organic
pores have a large portion of micropores and a small portion of meso-
pores. Type 6 organic pores have more mesopores and micropores than
macropores. To investigate the structure, the apparent permeability and
the gas-bearing property of typical organic pores, we design the images
of typical organic pores by combination of the SEM and HIM images, as
shown in Fig. 1. It should be pointed out that the resolutions of the
images in Fig. 1 are all 0.5nm, and the sizes of Fig. la-f are
4.0%4.0 um?, 4.0%4.0 pm?, 4.0%4.0 ym?, 2.4*2.4 ym?, 0.6*0.6 pm? and
2.0%2.0 pm? Table 1 lists the proportions of the different pores for
these six typical organic pore types. Generally, Type 1 organic pores
have more strip-shaped macropores (40.25%), and Type 2 organic
pores have more round macropores (67.11%). Type 3 organic pores
have a balanced development of macropores and mesopores, and their
proportions are almost equal. Type 4 organic pores have a large portion
of mesopores (76.62%). Type 5 organic pores have only mesopores and
micropores, and Type 6 organic pores have more mesopores (64.08%).
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Fig. 4. The pore-size distribution of each kind of typical organic pores before and after compaction.
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Fig. 5. The coordination number distribution of each kind of typical organic pores before and after compaction.

The above six types of organic pores can represent the character-
istics of most organic pores that exist in the marine Lower Silurian
Longmaxi Formation in Changning-Weiyuan region of the Sichuan
Basin. Studying the gas transport properties and gas-bearing property of
OM with these typical organic pores will help us to evaluate the quality
of the shale reservoir.

Moreover, to study the gas transport properties and gas-bearing
property of OM with the above typical organic pores, we should de-
termine the 3D structure of the organic pores. Here, we used a digital
core reconstruction method, the CCISM-TSS method, to reconstruct the
3D structure of the organic pores. This method is a stochastic algorithm
that integrates the advantage of the cross-correlation-based simulation
method and a three-step sampling method (Ji et al., 2018). Especially,
inspection the images in Fig. 1, it can be seen clearly that the dis-
tribution of organic pores is very heterogeneous. Therefore before re-
constructing the digital core, we should obtain the RES (the re-
presentative elementary surface) for each image (Ji et al., 2019), as
shown in Fig. 2. Inspecting Fig. 2, we can obtain that the sizes of RES for
six types of organic pores are approximately 3.2 pum, 3.2 pym, 3.2 ym,
2.4um, 0.6 um and 2.0 um, respectively. Then we reconstructed the
corresponding digital cores by the CCSIM-TSS method. The digital cores
reconstructed the structure of each type of organic pores very well.

2.2. The structures of typical organic pores under high temperature and
pressure

To study the gas transport propertie and gas-bearing property of OM
with typical organic pores in a deep reservoir (under high temperature

875

and pressure), we should first determine the 3D structure of the organic
pores. In this paper, a digital core compressibility method is presented
to obtain the 3D structure of organic pores in OM after compaction due
to the high temperature and pressure in the deep reservoir.

2.2.1. The digital core compressibility method

The total pressure on a shale rock in a deep reservoir is the result of
the coupled effects of the rock pressure caused by overburden and the
interstitial fluid pressure in the rock. As the depth of the reservoir in-
creases, the net load on the rock phase must increase, and the result is
compaction of the rock structure, which produces a decrease in pore
volume. Simultaneously, as the rock grains expand into the pore space,
the fluid pressure increases. When the fluid pressure and the pressure
due to overburden are equal, compaction of the rock stops.

Here we assume that because of the presence of pores in the rock,
there are three volumes: the apparent volume of the rock V}, the volume
of the matrix V;, and the volume of the pores V. Based on the theory of
the rock compressibility, the relationship of the porosity of the rock and
the effective stress satisfies:

¢ = @, exp[-Cp(0 — p;,)] @

P =VoIVy 9 =VIVy @
where ¢ and ¢ are the porosity of the rock at ambient temperature and
pressure conditions and at the deep reservoir condition (high tem-
perature and pressure). C, is the compression coefficient of organic
matter (OM). o and p,, are defined as the overburden pressure and the
interstitial fluid pressure in the pores. VB and V{ are the volume of
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Fig. 6. The multiple-point connectivity probability of each kind of typical organic pores before and after compaction. The distance in X-axis denotes the length of the

connectivity path in the digital core.

pores and total volume of the shale rock at the reservoir condition (high
temperature and pressure). V, and V; are the volume of pores and total
volume of the shale rock at the reservoir condition (high temperature
and pressure).

As mentioned above, as the depth of the reservoir increases, the
overburden pressure must increase, and the rock grains expand into the
pore space. The compaction of the pore space will induce the increase
of fluid pressure. The fluid pressure and the volume of the pore should
satisfy the equation of the state:

Dy Vp = nRT 3)
where V,, and p,, are defined as the volume of the pores in the rock and
the pressure of the interstitial fluid in the pore; n is the mole number of
the gas in pores, R is the gas constant (8.31441J/mol/K), and T is the
temperature.

We can solve the nonlinear equations Egs. (1) and (3) by the
Newton method and obtain the volume of the pores in the deep re-
servoir conditions (high temperature and pressure). Different from the
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Fig. 7. The apparent permeability of OM with the six typical organic pores (a)
and the ratio between the apparent and Darcy permeability at different pres-
sures (b).

conventional method, our compressibility method can fully describe the
coupling effect of the overburden and the interstitial fluid pressure
during compaction. To examine the improved rock compressibility
model, we calculate the relative change of the volume for different
pores using the improved rock compressibility model and the conven-
tional model without considering the variation of the fluid pressure in
the pores. Here, the relative change of the volume is defined as the ratio
of the volume change of the pore after and before compaction. The
result is shown in Fig. 3. Inspecting this figure, we find that by con-
sidering the variation of the fluid pressure of the pore during com-
pression, the improved rock compressibility model proposed in our
paper can demonstrate the compaction difference between different
pores. As the diameter of the pore increases, the relative change of
volume during compression increases. Thus, we can deduce that small
pores are more resistant to compaction than are big pores.

Based on the change of the volume for different pores defined in the
above section, we can compact the digital core reconstructed by the
CCSIM-TSS method. Considering that compaction is mainly caused by
vertical effective stress due to overburden, we assume that the com-
paction of the digital core is a linear process by shifting the vertical

877
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coordinate of every mineral grain center according to the following
formula:

2 =20(1-2) 4

where 2z, and 2’ are the vertical coordinates of the grain center before
and after compaction, respectively; 1 is the compaction factor by which
we can control the degree of compaction, and is obtained by the rock
compressibility model mentioned above.

2.2.2. Comparison of the structure for typical organic pores before and after
compaction

In this section, we investigate the 3D structure of typical organic
pores under high temperature and pressure based on the digital core
rock compressibility method presented in our paper.

The reservoir conditions discussed in this paper are as follows: the
depth of the reservoir is 4000 m, the temperature is 140 °C, the over-
burden pressure 90.48 MPa, and the organic matter (OM) compressi-
bility coefficient is 1.4 x 10 3MPa~!. Under these conditions, we
study the structure of the six kinds of typical organic pores.

First, to examine the structural change of the typical organic pores
caused by the compaction effect under high temperature and pressure,
we use the AB (axis & ball) algorithm (Yi et al., 2017), a newly de-
veloped pore network extraction algorithm, to extract the pore net-
works from the digital cores, and then calculate the pore radius and
coordination number. The pore-size distributions of the six types of
organic pores before and after compaction are shown in Fig. 4. After
compacted, the proportion of some small pores in OM increases,
whereas the proportion of big pores decreases. To further demonstrate
the connectivity of the six types of organic pores after compaction,
Figs. 5 and 6 also plot the coordination number distributions and the
multiple-point connectivity probabilities of six types of organic pores
before and after compaction. After compaction, the coordination
number decreases, and the connectivity of the typical organic pores
decreases.

2.3. Apparent permeability in organic pores

In this section, we study the apparent permeability in OM with ty-
pical organic pores using the methodology described in the above
section.

2.4. The apparent permeability in typical organic pores

To investigate the gas transport propertie of OM with typical or-
ganic pores, the apparent permeability of OM is calculated, as shown in
Fig. 7. It should be pointed out that the apparent permeability in this
paper was calculated using the model developed by Jiang and Lin
(2017), which can account for the slippage effect and the Knudsen
diffusion of viscous flow in the organic pores. As shown in Fig. 7a, OM
filled with Type 2 organic pores has the greatest permeability, OM filled
with Type 1 and 3 organic pores has much greater permeability than
that filled with Types 4, 5, and 6 organic pores. OM filled with Type 5
organic pordes has the lowest permeability. To investigate the non-
Darcy effect of each type of organic pores, Fig. 7b also plots the ratio
between the apparent and Darcy permeability (kapp and kd). It can be
seen that in contrast with the apparent permeability result, OM filled
with Type 5 organic pores has the largest value of kapp/kd, whereas
OM with Type 3 organic pores has the smallest value of kapp/kd. This
result is reasonable, because Type 5 organic pores have the smallest size
among the six typical organic pores.

2.5. The regularities of the apparent permeability in organic pores
In this section, we focus on determining the regularity of the gas

transport properties for OM with different pores. Because the six kinds
of typical organic pores have quite different pore-size distributions, it is
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Table 2
The proportions of macropores and mesopores for the eight models.
MAE1 MAE2 MAE3 MAE4 MAE5 MAE6 MAE7 MAES8
Macropores  10% 20% 30% 40% 50% 60% 70% 80%
Mesopores 90% 80% 70% 60% 50% 40% 30% 20%

difficult to determine the regularity of the gas transport propertie di-
rectly based on the six kinds of organic pores. Thus, we generated some
models based on Type 1 organic pores to determine the regularity of the
flow mechanism in OM.

First, we set the pore-size distribution of mesopores as fixed, and
then increased the proportion of macropores. During this process, the
pore-size distribution of macropores was also unchanged. Based on the
above rule, we generated eight models, defined as MAE1, MAE2, MAE3,
MAE4, MAES5, MAE6, MAE7, and MAES8, as shown in Fig. 8. The pro-
portions of macropores and mesopores are listed in Table 2. It should be
emphasized that the biggest difference among the eight models was the
proportion of macropores and mesopores. Thus, we investigated the
regularity of the flow mechanism in OM based on these models.

The apparent permeabilities for the eight models were calculated.
To summarize the regularity of the flow, here we chose the Darcy
permeability for eight models to plot, as shown in Fig. 9a. Moreover, to

6000+
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MAE7
Fig. 8. Images of the eight models.

investigate the non-Darcy effect, we also plotted the ratio of the ap-
parent and Darcy permeabilities for the eight models, as shown in
Fig. 9b. Note that the X-axes of Fig. 9a and b represent the proportion of
macropores in the eight models. It is clear that the permeability in-
creased with the proportion of macropores in the models, and there
were positive correlations between the permeability and the biqua-
dratic of the proportion of macropores. However, the value of kapp/kd
decreased with the proportion of macropores in the models, and there
were negative correlations between the value of kapp/kd and the cubic
function of the proportion of macropores.

The above models are composed of macropores and mesopores.
Next, we investigated models with micropores and mesopores. Like the
above models, we set the pore-size distribution of micropores as fixed,
and then increased the proportion of mesopores. During this process,
the pore-size distribution of mesopores was also unchanged. Based on
the above rule, we generated eight models, defined as MEI 1, MEI 2,
MEI 3, MEI 4, MEI 5, MEI 6, MEI 7, and MEI 8, as shown in Fig. 10. The
proportions of micropores and mesopores are listed in Table 3, and the
proportion of mesopores increases from MEI 1 to MEI 8.

Similarly, the apparent permeabilities for the eight models were
calculated. The Darcy permeabilities and the ratio of the apparent and
Darcy permeabilities for the eight models are plotted in Fig. 11. Also,
the X-axes of the two figures indicate the proportion of mesopores in
the eight models. Like the results of the MAE models, the permeability
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Fig. 9. The permeability (b) and the ratio of kapp and kd (b) of the eight models.
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Fig. 10. Images of the eight models.

Table 3
The proportions of micropores and mesopores for eight models.
MEI1 MEI2 MEI3 MEI4 MEI5 MEI6 MEI7 MEIS8
Mesopores 10% 20% 30% 40% 50% 60% 70% 80%
Micropores  90% 80% 70% 60% 50% 40% 30% 20%

increased with the proportion of mesopores in the models. Positive
correlations between the permeability and the square of the proportion
of mesopores were also obtained by curve fitting. Negative correlations
between the value of kapp/kd and the proportion of mesopores were
clearly observed. Moreover, the fitting results for the MEI models were
quite different from those of the MAE models.

Based on the above analysis of the MAE and MEI models, the re-
lationship between permeability and the proportions of micropores,
mesopores, and macropores can be further determined. Finally, a chart
of the gas transport propertie in the OM can be obtained, shown in
Fig. 12. Based on this figure, we can quickly judge the non-Darcy effect
of OM.
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2.6. Apparent permeability in typical organic pores under high temperature
and pressure

For this section, we investigated the apparent permeability of OM
with the typical organic pores under high temperature and pressure.

First, to examine the apparent permeability of gas in organic pores
under deep reservoir conditions, we calculated the permeability for OM
with the organic pores at different depths in the reservoir (1000 m,
2000 m, 3000 m, and 4000 m), as shown in Fig. 13. The results show
that as the depth of the reservoir increases, the permeability of OM with
the typical organic pores decreases correspondingly.

Furthermore, we defined the relative change of the permeability of
the compacted OM as Pr. Fig. 14 depicts the relative change of the
permeability of OM after compaction at the depth of 4000 m. We de-
termined that the permeability of OM with Type 1 organic pores had
the biggest change (42.16%), whereas the OM with Type 5 organic
pores had the smallest change (22.3%). This is because Type 1 organic
pores have a large proportion of strip-shaped macropores, which can be
compacted more easily. In contrast, there are more micropores in Type
5 organic pores, which are the most difficult to compact. The
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Fig. 11. The permeability (a) and the ratio of kapp and kd (b) of the eight models.
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Fig. 13. The permeability of OM with the typical organic pores at different depths of the reservoir.

distributions of the typical organic pores before and after compaction in

the chart of the apparent permeability are compared in Fig. 16.

3. Gas-bearing property of OM

In this section, we investigate the gas-bearing property of OM with

the typical organic pores using the methodology described in section 2.

3.1. The gas-bearing property of OM with the typical organic pores

To investigate the gas-bearing property of OM with the typical or-
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ganic pores, the absolute adsorption amount and the free gas amount of
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Fig. 14. Relative change of the permeability of the six typical organic pores
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Fig. 15. The absolute adsorption amount and the free gas amount of OM with
the typical organic pores at different pressures.

OM with the typical organic pores were calculated, as shown in Fig. 15.
It should be pointed out that the absolute adsorption amount in this
paper was calculated based on the molecular dynamics (MD) model
developed by Jiang and Lin (2018). Fig. 15a shows that OM filled with

Marine and Petroleum Geology 110 (2019) 871-885

Type 5 organic pores had the largest absolute adsorption amount, and
that OM filled with Type 6 organic pores had a larger absolute ad-
sorption amount than that filled with Types 1, 2, 3, and 4 organic pores.
OM filled with Type 2 organic pores had the smallest absolute ad-
sorption amount. Fig. 15b plots the variance of the free gas amount
with pressure. In contrast with the absolute adsorption amount results,
OM filled with Type 2 organic pores had the largest free gas amount,
and OM with Type 5 organic pores had the smallest free gas amount.
These results are reasonable, because Type 5 organic pores have the
smallest size among the six typical organic pores, and Type 2 organic
pores have the largest proportion of macropores among the six typical
organic pores. We also found that for each type of organic pores, as
pressure increased, the absolute adsorption amount and the free gas
amount increased correspondingly.

3.2. The gas-bearing property of OM under high temperature and pressure

To examine the gas-bearing property of the organic pores under
deep reservoir conditions, we calculated the absolute adsorption
amount and the free gas amount for OM with organic pores at different
depths of the reservoir (1000 m, 2000 m, 3000 m, 4000 m), as shown in
Fig. 16. Here, we chose Type 1 and Type 5 organic pores to study the
gas-bearing property under deep reservoir conditions. The free gas
amount of OM filled with Type 1 organic pores was much bigger than
the absolute adsorption amount, whereas the free gas amount of OM
filled with Type 5 organic pores was much smaller than the absolute
adsorption amount. The reason is that Type 1 organic pores have a large
proportion of macropores and a small proportion of micropores; thus,
the porosity is high and the specific surface area is small. Correspond-
ingly, Type 5 organic pores have a large portion of micropores and a
small portion of mesopores; thus, the porosity is relatively small and the
specific surface area is large. Fig. 16 also shows that the absolute ad-
sorption amount of OM filled with Type 1 and 5 organic pores first
increased with the depth and then decreased with depth. However, the
free adsorption amount of OM filled with Type 1 and 5 organic pores
increased with the depth of the reservoir. This result is reasonable be-
cause under low temperature and pressure, the absolute adsorption
amount increases quickly with pressure and temperature, and as the
pressure increases, the absolute adsorption amount increases slowly (Lu
et al., 1995; Jiang and Lin, 2018). At the same time, as depth increases,
compaction of the organic pores increases. The absolute adsorption
amount in organic pores is the result of the coupled effects of com-
paction, temperature, and pressure. At lower depths, the increased
velocity of the absolute adsorption amount due to the temperature and
pressure is greater than the compaction; thus, the absolute adsorption
amount increases at first. When it becomes smaller than the compac-
tion, the absolute adsorption amount then decreases with depth. Cor-
respondingly, the increased velocity of the free gas amount due to the
temperature and pressure is always greater than the compaction; thus,
the free adsorption amount of OM with typical organic pores increases
with the depth of the reservoir.

Next, we focused on determining the regularity of the gas-bearing
property for OM with different types of pores. Similar to the method
described in the above section, we used the models MAE 1, MAE 2, MAE
3, MAE 4, MAE 5, MAE 6, MAE 7, MAE 8, MEI 1, MEI 2, MEI 3, MEI 4,
MEI 5, MEI 6, MEI 7, and MEI 8 as shown in Figs. 7 and 8 to study the
gas-bearing property for OM with different structures of pores. It should
be pointed out that under conventional temperature (20 °C) and pres-
sure (0.1 MPa), the absolute adsorption amount and the free gas
amount are very small, as shown in Fig. 15. It is meaningless to study
the gas-bearing property under conventional temperature and pressure.
Thus, we focused on the gas-bearing property under high temperature
and pressure. Fig. 17 plots the absolute adsorption amount and the free
gas amount for eight models, MAE 1, MAE 2, MAE 3, MAE 4, MAE 5,
MAE 6, MAE 7, and MAE 8, at the depths of 1000 m and 4000 m. The
results reveal that at the same depth, the absolute adsorption amount
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Fig. 16. The absolute adsorption amount and the free gas amount of OM with the Type 1 (a) and Type 5 (b) organic pores at different depth.
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Fig. 19. Chart of the absolute adsorption amount, free gas amount, and total gas amount of OM at the depth of 1000 m, (a)The absolute adsorption amount of OM, (b)

The free gas amount of OM, (c) The total gas amount of OM.

decreases with the proportion of macropores in the models, whereas the
free gas amount increases with the proportion of macropores in the
models. After fitting the curve, we found that the absolute adsorption
amount is a quadratic function of the proportion of macropores, and the
free gas amount is a cubic function of the proportion of macropores.
Interestingly, we also found that for the same model, the absolute

883

adsorption amount at 4000 m is smaller than that at 1000 m, whereas
the free gas amount at 4000 m is larger than that at 1000 m.
Moreover, the absolute adsorption amount and the free gas amount
for the eight models MEI 1, MEI 2, MEI 3, MEI 4, MEI 5, MEI 6, MEI 7,
and MEI 8 at the depths of 1000 m and 4000 m were also calculated, as
shown in Fig. 18. The absolute adsorption amount decreased with the
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Fig. 20. Chart of the absolute adsorption amount, free gas amount and total gas amount of OM at the depth of 4,000 m, (a)The absolute adsorption amount of OM, (b)

The free gas amount of OM, (c) The total gas amount of OM.

proportion of mesopores in the models, whereas the free gas amount
increased with the proportion of mesopores in the models. Fitting the
curve, we determined that the absolute adsorption amount is an ex-
ponential function of the proportion of mesopores, and the free gas
amount is also an exponential function of the proportion of mesopores.
These results demonstrate that as the proportion of mesopores in-
creases, the difference of the free gas amount between 1000 m and
4000 m increases, and the difference of the absolute adsorption amount
between 1000 m and 4000 m decreases. We also find that for the same
model, the free gas amount at 4000 m is larger than that at 1000 m, and
this result is the same as that for the MAE models. The absolute ad-
sorption amount at 4000 m is larger than that at 1000 m, and this result
is different from that of the MAE models. This is because the pore size of
the MEI models is smaller than that of the MAE models, and the com-
paction effect is smaller than that of the MAE models. In addition, the
absolute adsorption amount of the MEI models is much bigger than that
of the MAE models, so the increment velocity of the absolute adsorption
amount due to the temperature and pressure is always greater than the
compaction effect for MEL

Based on the analysis of the MAE and MEI models, the relationships
between the absolute adsorption amount, the free gas amount, and the
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proportions of micropores, mesopores and macropores can be further
determined. Then, the chart of the absolute adsorption amount, the free
gas amount, and the total gas amount at the depths of 1000 and 4000 m
can be finally calculated, as shown in Figs. 19 and 20. The results show
that when the proportion of micropores is large, the absolute adsorption
amount is also large, and it has a big contribution to the total gas
amount. However, under other conditions, the free amount dominates
the total gas amount. Based on this figure, we can quickly determine the
absolute adsorption amount, the free gas amount, and the total gas
amount of OM when we know the composition of organic pores in the
OM. Thus, these charts can help us to evaluate the quality of a reservoir.

4. Summary

In this paper, six types of organic pores were studied based on the
CCSIM-TSS method and the digital core compressibility method. After
analysis of the numerical results, some important conclusions were
obtained as follows:

1) The organic pores in the Longmaxi Formation marine shales can be
classified into six types based on the morphology of nanoscale pores.
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The pore-size distribution and connectivity of the typical organic
pores change greatly under deep reservoir conditions. As the depth
of the reservoir increases, the size and connectivity of organic pores
decrease.

Investigation of the gas transport propertie of OM with different
proportion of micropores, mesopores, and macropores demonstrates
that the permeability of OM has positive correlations with the bi-
quadratic of the proportion of macropores and the square of the
proportion of mesopores. However, the value of kapp/kd has a ne-
gative correlation with the square of the proportion of macropores
and has a linear relationship with the proportion of mesopores.
The regularities of the absolute adsorption amount and the free gas
amount of the typical organic pores were investigated. The absolute
adsorption amount of OM decreases with the proportion of macro-
pores, whereas the free gas amount of OM increases with the pro-
portion of macropores. The chart of the total gas amount of OM with
different compositions of organic pores are given at the depth of
1000 m and 4000 m, which can help us to estimate the gas-bearing
capacity of OM and preliminarily understand the quality of shale
reservoirs.

2

—

3

(7

In sum the structure, the apparent permeability and the gas-bearing
property of OM with typical organic pores are investigated carefully
and thoroughly. It should pointed out that the focus of our paper is on
organic pores, and in the near future the gas-bearing property in in-
organic pores will be studied and reported.
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