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The gas content in shale reservoirs is often determined by the micro storage and sealing capacities of the reservoir. Deep shale
reservoirs are in the high- or over-thermale maturity stage and have complex pore structure and connectivity, which are highly
heterogeneous in vertical distribution. Research on the gas-bearing property of deep shale reservoirs is limited by these
complex microscopic conditions. To analyze the gas-bearing characteristics of deep shale reservoirs, this work collected and
summarized data on total organic carbon content, mineral composition, porosity, water saturation, and gas content measured
on-site for the Longmaxi Formation in the Sichuan Basin in southern Sichuan, China. Then, experimental methods, such as X-
ray photoelectron spectroscopy, transmission electron microscope, low-pressure N2 adsorption, spontaneous imbibition, and
high-pressure methane adsorption, were used to analyze the micro storage and sealing capacities of the deep shale reservoirs.
The results show that, different from shallow shale reservoirs (<3500m), deep shale reservoirs have a higher graphitization
degree and water saturation. An abundance of graphite structures often leads to weak resistance of organic matter to
compression, deformation, or even collapse of pores in organic matter and severe damage to the gas storage space. However, a
higher degree of graphitization can enhance the ability of the shale reservoirs to adsorb gas and self-sealing. The high water
saturation in the reservoirs can interact with clay minerals and negatively affect the gas accumulation, storage, and
transmission capacities of the shale reservoirs. However, the upper shale reservoirs with higher water saturation can seal the
lower shale reservoirs, helping it preserve shale gas. Based on the vertical distribution of graphite structure, clay minerals
contents, lithofacies, and water content in deep shale reservoirs, the essential microscopic conditions for deep shale reservoirs
to have high gas content were proposed. This paper provides a detailed explanation and evaluation of deep shale’s storage and
sealing capacities at the microscopic scale and can serve as a reference for further identifying the patterns for high-yield and
rich shale gas reservoirs and improving deep shale gas exploration technologies.

1. Introduction

As a rock with extremely low porosity and permeability,
shale was once not considered a cost-efficient target [1–4].
However, with the application and promotion of horizontal
well hydraulic fracturing, micro-seismic monitoring, multi-

well industrialized exploitation, and other technologies, both
North America and China have currently industrialized the
development of shale gas exploitation in formations with a
buried depth of fewer than 3,500meters [2, 5], which pro-
vides comprehensive knowledge about their sedimentary
[6], developmental characteristics of fractures [7], pore
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structure [3, 8], gas-bearing characteristics [9, 10], and
these factors’ effects on shale gas differential accumulation
[11]. In addition, models of shale gas accumulation and dis-
persion under different reservoir-forming conditions have
been established [11–13]. Moreover, with the continued
improvement of exploitation technologies in recent years,
deep shale reservoirs (burial depth > 3500m) also have
shown great potential and attracted the attention of petro-
leum geologists [14–16].

More recently, geologists’ research on shale oil and gas
has gradually evolved from macro- to micro-scale [17–19].
There are often complex pore networks in organic-rich
shales, comprising numerous pore types [8, 20], complex
pore geometric shapes [8, 20], and wide pore size distribu-
tion [3, 20, 21]. The ways by which shale gas accumulates
and transmits may vary with the pore size. Generally, the
gas transport is dominated by bulk flow in macro-pores,
which provide space for free gas, and by slip flow and surface
diffusion in tiny pores, which provide larger surface area and
higher adsorption energy for adsorbed gas [19]. The charac-
terization of pore structure is crucial for understanding the
storage and transport mechanisms of shale gas [21, 22].
For deeper shale reservoirs, their higher thermal maturity
and more complex pore structures can complicate the shale
gas occurrence and transmission mechanism [15, 21]. As a
result, the microfactors affecting shale gas accumulation in
these deep shale reservoirs remain unclear.

The Sichuan Basin is the largest hydrocarbon-bearing
superimposed basin in the Yangtze Plate [23–25]. The Lower
Silurian Longmaxi Formation in the southern Sichuan Basin
is a shale gas reservoir formed by fine-grained marine sedi-
ments and had witnessed a continuous subsidence stage
before the Late Jurassic and an uplift stage after the Late
Jurassic [26]. The subsequent relatively mild uplift and mod-
ification led to a stable structure and minor faults in south-
ern Sichuan [27]. The sedimentary rocks of the Longmaxi
Formation in southern Sichuan are mainly distributed at a
depth ≥ 3500m [15]. They are high- or overmatured ther-
mally, with a Ro value up to 3.5% [15]. High thermal evolu-
tion often means complex pore structure and highly
heterogeneous pore spatial distribution [21]. These micro-
scopic factors have caused many risks in deep shale explora-
tion. Therefore, to better understand the reservoir quality
and gas-bearing capacity and provide help for dessert evalu-
ation, a micro-scale gas storage-preservation system is an
aiming target in this research. Only in this way, studies on
deep shale gas enrichment can proceed smoothly.

In this paper, primary data measured on-site were
collected and summarized to analyze the basic and gas-
bearing characteristics of the deep shale reservoirs in
southern Sichuan, including the total organic carbon
(TOC) content, mineral composition, porosity, water satura-
tion (Sw), and gas content. Then, experimental methods,
such as X-ray photoelectron spectroscopy (XPS), transmis-
sion electronmicroscope (TEM), low-pressureN2 adsorption,
spontaneous imbibition (SI), and high-pressure methane
adsorption, were used to identify themicro controlling factors
of gas-bearing properties. Then, the graphite structure devel-
opment, pore structure, connectivity, and methane adsorp-

tion of deep shale reservoirs were discussed, with the
controlling factors of the micro-storage capacity and micro-
sealing capacity of these shale reservoirs analyzed. Using strat-
igraphic correlation and based on on-site gas content and pro-
duction data, the vertical distribution of graphite structure,
mineral composition, and water content in deep shale reser-
voirs was determined, and the essential microscopic condi-
tions for deep shale reservoirs to realize high gas content
were proposed. The microcontrolling factors of gas-bearing
properties were illustrated, laying a theoretical foundation
for identifying the high-yield and enrichment patterns of
shale gas and supporting future research on deep shale gas
exploration technology.

2. Geological Settings

The Sichuan Basin is a superimposed basin developed based
on the Yangtze Craton [24, 28]. Located in the northwest of
the Upper Yangtze region, it is rich in oil and gas resources
[24]. The features of the large structures in the Upper Yang-
tze Platform had shaped the Sichuan Basin as a NE-trending
diamond (Figure 1(a)). The frequent and violent tectonic
activities of the Platform had resulted in an internal struc-
ture of the Basin with multiple cycles, multistage tectonism,
and multilevel tectonic control [28]. Based on its multilevel
structure, the Basin can be divided into six structural units
[29]: Eastern Sichuan fold belt, Southern Sichuan fold belt,
Northern Sichuan low and flat fold belt, Western Sichuan
low and slightly sloping fold belt, Central Sichuan slightly
sloping fold belt, and Southwestern Sichuan low and slightly
sloping fold belt. This study focused on the southern part of
the Sichuan Basin, mainly the shale gas reservoirs distributed
in the Southern Sichuan fold belt and Southwestern Sichuan
low and slightly sloping fold belt (Figure 1(a)).

During the Late Ordovician and Early Silurian, a signif-
icant transgression occurred due to the melting of glaciers
in southern Sichuan, leading to the transition from the
Ordovician carbonate sedimentary system to the clastic sed-
imentary system [30, 31]. This left fine-grained clastic sedi-
ments on the early deposited carbonate rocks [30, 31]. The
Late Ordovician Wufeng Formation is dominated by carbo-
naceous and siliceous shales, while the Early Silurian Long-
maxi Formation is dominated by black carbonaceous and
gray-black sandy shales [25]. The Longmaxi Formation
shales are now buried throughout southern Sichuan from
dozens of meters to 6000m below ground (Figure 1(b))
[15]. The shallow shale reservoir is at the edge of the Basin,
with shales buried at a depth of fewer than 3,500m or even
exposed on the ground in areas where intense uplifts have
occurred. This is the main development base of shale gas
in China [24]. The deep shale reservoir is inside the Basin,
with shales buried at a depth of over 3,500m. It is an impor-
tant target for future deep shale gas exploration in
China [32].

The Longmaxi Formation can be vertically divided into
the Longmaxi-1 member (LF), Longmaxi-2 member (LS),
and Longmaxi-3 member (LT) according to the lithology
and graptolite development (Figure 1(c)) [31]. With a thick-
ness of about 30-120m, LF is composed of black
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carbonaceous, siliceous, and dark gray silty shales and is rich
in graptolite and organic matter [31]. LF can be further sub-
divided into LFI and LFII (Figure 1(c)) [31–34]. Deep shale
reservoir LFI is distributed stably and continuously in the
horizontal direction, with slight variation in formation
thickness from the edge to the center of the Basin, and is a

major shale gas development section with a continuous large
area [32]. LFI can be further divided into the first layer
(LFI

1), second layer (LFI
2), third layer (LFI

3), and fourth
layer (LFI

4). The thickness differs greatly between these
layers, increasing from the basin edge to the basin center
[33, 34].
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Figure 1: (a) Tectonic unit division of the Sichuan Basin [29], (b) buried depth map of Longmaxi Formation in southern Sichuan Basin and
the regions for the development of deep shale gas [15], and (c) comprehensive stratigraphic column of Longmaxi Formation in southern
Sichuan Basin [31–34].
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3. Samples, Data, and Experimental Methods

3.1. Samples and Data Source. On-site measurements of
seven deep shale gas wells (Y201, Nx202, L204, H201,
L201, H202, and Z202, Figure 1(b)) were collected, including
TOC, Ro, mineral composition, porosity, Sw, and gas content
data. All on-site measurements were provided by Petro-
China Southwest Oil and Gas field Company (SWOG). In
addition, thirteen shale samples were collected from seven
deep shale gas wells in southern Sichuan (Table 1). Low-
pressure nitrogen adsorption analyses and spontaneous dial-
ysis (SI) were conducted to identify the pore structure char-
acteristics and connectivity of the thirteen shale samples.
Eight samples were selected for transmission electron
microscopy (TEM) observation and XPS experiment to ana-
lyze the graphite structure in the studied deep shale reservoir.
The same eight shale samples were moisture-equilibrated,
and then, methane adsorption at high temperature and high
pressure was conducted to determine their methane adsorp-
tion capacity.

3.2. X-Ray Photoelectron Spectroscopy (XPS). With increased
maturity and the loss of functional groupswith oxygen, sulfur,
and nitrogen, organic carbonaceous matters will lose their
structure and gradually evolve from disordered to ordered
graphite-like ones [35]. X-ray photoelectron spectroscopy
(XPS) can analyze the organic material on the sample surface
and provide information on elemental composition, the ele-
ment’s chemical state and molecular structure [36]. A
Thermo Fisher K-alpha XPS system was used in this paper.
Before the analysis, to extract shale organic matter, the
ground shale samples (<80 mesh) were treated with hydro-
chloric acid, hydrofluoric acid, sodium hydroxide, and other
reagents, respectively. After the test, the C1s peak was cor-
rected with 284.8 eV as the reference. Then, the 4.1 version
of XPSPEAK was used for peak fitting. The relative content
of graphite was calculated based on the binding energy of
graphite, C-C, and C-O bonds, and the organic matter’s
degree of graphitization was quantified based on the peak

ratio. This test was used to provide direct evidence for the
existence of graphite structure in deep shales.

3.3. Transmission Electron Microscope (TEM). After under-
standing the evolution pattern of molecular structures of
organic matter during thermal evolution, the transmission
electron microscope (TEM) was used to directly observe
the organic matter in the low-resistance shale. TEM can be
used to observe the lattice or vertical stacking features of
crystal structures with ordered crystal form, and there will
also be distinct diffraction spots of lattice during secondary
diffraction. For example, TEM can be used to directly
observe the lattice morphological characteristics of graphi-
tized organic matter with layered structure and regular crys-
tal form [37]. When an electron beam is applied, graphite
crystals produce elastically scattered electrons, resulting in
regular and clear diffraction spots on the TEM image. In
contrast, the nongraphitized organic matter is anisotropic
and has no fixed regular forms internally. It also shows dif-
fused rings after electron bombardment, and no prominent
patterns can be found on the TEM image.

3.4. Low-Pressure N2 Adsorption. Powder samples (80 to 100
mesh) of approximately 1 to 2 g were prepared using stan-
dard cores. To remove adsorbed moisture and volatile
substances, the samples were automatically degassed at
110°C under vacuum for about 14 hours. Low pressure
(<0.127MPa) N2 adsorption analysis was performed using
a Micromeritics® Tristar II 3020 Analyzer. The relative pres-
sure (P/P0) for N2 adsorption ranged from 0.001 to 0.995.
Adsorption isotherms were generated by the analyzer auto-
matically based on theories of adsorption. Meanwhile, the
pore diameter followed the Brunauer-Emmett-Teller (BET)
model [38], and the pore volume and specific surface area
(SSA) were calculated following the Barrett-Joyner-
Halenda (BJH) model [39].

3.5. Spontaneous Imbibition (SI). Spontaneous imbibition
(SI) is a capillary force-controlled process, during which
the wet phase displaces the nonwet phase only by capillary

Table 1: Strata, depth, Ro, water content, clay minerals contents, and porosity of deep shale samples.

Samples ID Well Strata Depth (m) Ro (%) Water content (mg/g) Clay minerals (%) Porosity (%)

1 Nx202 LFI
4 3904.88 3.17 40.28 30.4 1.6

2 Nx202 LFI
3 3920.26 3.11 41.35 33.0 2.3

3 Nx202 LFI
2 3931.43 3.21 55.11 25.6 1.5

4 Nx202 LFI
1 3938.53 3.19 36.96 14.5 2.2

5 Nx202 LFI
1 3939.44 3.19 33.70 16.9 2.1

6 L204 LFI
1 3842.67 2.91 40.57 25.9 3.8

7 L204 LFI
1 3843.1 2.91 18.68 17.2 5.4

8 H201 LFI
1 4122.8 2.94 64.02 29.7 6.1

9 H202 LFII 3913.54 2.84 59.81 55.6 3.2

10 H202 LFI
4 4032.3 2.91 80.25 41.5 4.3

11 H202 LFI
3 4044.69 2.88 91.24 43.3 4.3

12 H202 LFI
2 4063.77 2.94 53.60 33.2 3.9

13 H202 LFI
1 4077.85 2.94 50.87 29.2 4.0
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pressure. Cube samples with a side length of 1 cm were
prepared using the standard cores. Then, all faces (except
the top and bottom ones) were coated with fast-curing
clear epoxy resin. Water were used as absorption fluids
to replace the nonwet phase air. Spontaneous imbibition
direction is vertical to bedding. To ensure the consistency
of initial Sw, all samples were dried at 60°C (140°F) for at
least 48 hours before SI tests. The schematic diagram,
experimental procedure, and data processing method of
the SI experiment were described in detail in previous
studies by Gao and Hu [40].

3.6. High-Pressure Methane Adsorption. The method and
instrument for determining methane adsorption capacity of
shale samples were mainly based on the experience with coal
samples. A high-pressure isothermal adsorption system
(Rubotherm, Germany) which can generate an adsorption
pressure of up to 50MPa was used. The powdered shale sam-
ples (<60 mesh) were moisture-equilibrated. Equilibrium
moisture content was reached in a vacuum desiccator using
the saturated solution of K2SO

4 at 97% relative humidity.
Samples were weighed every 24 hours until a constant weight
was reached. The high-pressure methane adsorption tests
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Figure 2: Reservoir basic characteristics of typical deep shale gas wells in southern Sichuan Basin. (a) TOC content in each layer, (b)
contents of nonclay mineral silicates in each layer, (c) contents of clay minerals in each layer, (d) contents of carbonates in each layer,
(e) porosity in each layer, (f) Sw in each layer, and (g) gas content in each layer.
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were carried out at a constant temperature of 100°C and with
gradually increased pressure. The amount of adsorbed meth-
ane under different pressures was recorded using a volumetric
method. Ji et al. [10] described the detailed process of the high-
pressure methane adsorption experiment in their study. Due
to its simplicity and suitability for our measured data, the ter-
nary Langmuir equation for high-pressure cases was used to fit
our data and determine the Langmuir parameters.

4. Results

4.1. Basic Geological Features

4.1.1. Total Organic Carbon. A total of 456 TOC data for the
seven deep shale gas wells were collected (Figure 2(a)). The
TOC content of LFI ranges between 0.66% and 7.80%, with
an average of 2.90%. About 75% of samples have a TOC
value higher than 2%, showing a good hydrocarbon genera-
tion potential. The TOC content of LFII ranges between
0.11% and 3.45%, with an average of 1.22%. Vertically, the
organic matter abundance of deep shale increases gradually
from LFII to LFI

1, with the overall TOC content of LFI
1

higher than 2%. The TOC content and its spatial distribu-
tion of deep shale reservoirs are similar to those of shallow
shale reservoirs (at a burial depth of 2,262m~2,589m) [29].

4.1.2. Mineral Components. The mineral components data of
513 deep shale samples (Figures 2(b)–2(d)) show that the
deep shales are mainly composed of non-clay mineral sili-
cates (quartz, orthoclase, and plagioclase) and clay minerals

(Figures 2(b) and 2(c)). The contents of non-clay mineral
silicates are generally high (Figure 2(b)), ranging from
20.2% to 98.5%, with an average of 54.1%. Vertically, the
contents of non-clay mineral silicates gradually increase
from LFII to LFI

2, reach a peak in LFI
2, and then show a

slight fall in LFI
1. The contents of clay minerals are low in

general (Figure 2(c)), ranging from 1.60% to 60.29%, with
an average of 31.42%. Vertically, the clay mineral contents
are similar between LFII and LFI

4, ranging from 3% to
60.29%, with an average of 36.81%. Then, from LFI

3 to
LFI

1, the clay mineral contents drop sharply, ranging from
1.6% to 46.43%, with an average of 23.04%. Compared with
the clay minerals contents of shallow shale reservoirs (at a
burial depth of 2,262m~2,589m) [29], the clay mineral con-
tents in the deep shale shows a significant difference between
the upper layers (LFII and LFI

4) and the lower layers (LFI
3 to

LFI
1). It does not show a slow and continued drop with the

formation depth increasing. The carbonates are the lowest
(Figure 2(d)), ranging from 0% to 40.3%, with an average
of 11.93%. No significant pattern is observed in the spatial
distribution of carbonates.

4.1.3. Porosity. Based on 589 data (Figure 2(e)), the porosity
of the deep shales ranges between 0.99% and 8.26%, with
an average of 3.67%. The proportion of porosity with a
value greater than 5% reaches 25.13%. The porosity of deep
shale reservoirs is lower than that of shallow shale reser-
voirs (at a burial depth of 2,262m~2,589m) [29]. From
LFII to LFI

1, the porosity range of each layer is
0.99%~6.22%, 1.05%~8.26%, 1.77%~7.46%, 1.30%~7.66%,

(a)

(d)

(b)

(c)

10 nm 6.51 nm

10 nm 6.51 nm

Figure 3: The TEM images and diffraction images of deep shales at different maturity evolution stages. (a) TEM image of sample 5, (b)
diffraction image of sample 5, (c) TEM image of sample 8, and (d) diffraction image of sample 8.
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and 2.29%~7.76%, respectively, showing discrete and irreg-
ular spatial distribution. Though the porosity distribution
of a single well shows some prominent patterns, the poros-
ity of different wells peaks at different layers. The porosity
of Well Y201 and L204 peaks at LFI

3; for Wells Nx202

and H201, it peaks at LFI
3 and LFI

1; and for Wells L201,
H202, and Z202, it peaks at LFI

4.

4.1.4. Water Saturation. A total of 589 on-site data
(Figure 2(f)) show that the Sw of deep shales ranges between

Table 3: Total pore volume, total specific surface area, and average pore diameter for thirteen deep shale samples.

Sample ID Well Strata TPV (cm3/g) TSSA (m2/g) APD (nm)

1 Nx202 LFI
4 0.01579 17.59 5.06

2 Nx202 LFI
3 0.02370 27.12 4.67

3 Nx202 LFI
2 0.01299 17.75 4.42

4 Nx202 LFI
1 0.01273 16.92 4.49

5 Nx202 LFI
1 0.01623 24.58 4.14

6 L204 LFI
1 0.02811 26.29 5.52

7 L204 LFI
1 0.01739 12.42 6.91

8 H201 LFI
1 0.03455 35.66 5.22

9 H202 LFII 0.04418 34.23 13.38

10 H202 LFI
4 0.03737 30.88 7.08

11 H202 LFI
3 0.03359 25.50 7.81

12 H202 LFI
2 0.02963 20.56 7.62

13 H202 LFI
1 0.02706 26.48 5.47

Table 2: XPS test results for eight deep shale samples.

Sample ID Well Strata Chemical construction Binding energy (eV) Peak area FWHM (eV) L/G (%) Relative content (%)

2 Nx202 LFI
3

C-O, C=O 285.315 20667.35 2.972 20 29.15

C-C 284.772 36420.07 0.954 20 51.38

Graphite 284.300 13806.08 0.990 20 19.47

3 Nx202 LFI
2

C-O, C=O 285.122 18657.06 2.526 20 28.70

C-C 284.757 32132.77 0.952 20 49.42

Graphite 284.300 14222.65 0.912 20 21.88

5 Nx202 LFI
1

C-O, C=O 285.266 17298.81 2.878 20 27.23

C-C 284.765 30511.65 0.971 20 48.04

Graphite 284.300 15709.90 0.912 20 24.73

6 L204 LFI
1

C-O, C=O 285.413 18889.61 3.153 20 32.45

C-C 284.794 28623.44 0.973 20 49.17

Graphite 284.300 10697.93 0.990 20 18.38

8 H201 LFI
1

C-O, C=O 285.790 15656.53 2.210 20 27.63

C-C 285.033 31409.55 0.884 20 55.43

Graphite 284.300 9600.055 0.963 20 16.94

10 H202 LFI
4

C-O, C=O 285.374 24230.19 2.032 20 36.11

C-C 284.835 36976.61 1.022 20 55.09

Graphite 284.300 5902.37 1.445 20 8.80

12 H202 LFI
2

C-O, C=O 285.386 23682.30 1.344 20 42.14

C-C 284.868 26071.79 0.954 20 46.38

Graphite 284.300 6451.29 1.203 20 11.48

13 H202 LFI
1

C-O, C=O 285.429 25813.62 1.790 20 40.70

C-C 284.894 30206.88 0.958 20 47.63

Graphite 284.300 7399.39 1.379 20 11.67
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11.17% and 92.75%, with an average of 52.22%. The propor-
tion of Sw with a value greater than 30% registers at 89.81%,
indicating that the deep shale reservoirs are highly Sw. The
vertical distribution of Sw varies among wells. The data
points of Well Y202, Nx202, and H201 are discrete, and no
prominent pattern is observed in the Sw distribution from
LFII to LFI

1. The Sw for Well L204, L201, H202, and Z202
is concentrated in a narrow range, and the Sw decreases con-
tinuously from LFII to LFI

1. The Sw of the deep shale reser-

voir is higher than that of shallow shale reservoirs (at a
burial depth of 2,262m~2,589m) [29].

4.1.5. Gas Content. Based on a total of 198 data (Figure 2(g)),
the gas content of seven wells ranges between 0.35m3/t and
8.04m3/t, with an average of 2.69m3/t. From LFII to LFI

1, the
gas content average of each layer is 1.65m3/t, 2.44m3/t,
2.88m3/t, 2.99m3/t, and 4.16m3/t, respectively, showing an
increase with burial depth. There are significant differences
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Figure 5: Methane adsorption isotherms for eight deep shale samples.
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among wells. The gas content of Wells Y201, Nx202, and
H201 is low, ranging from 0.19m3/t to 4.58m3/t, with an
average of 0.81m3/t, 2.07m3/t, and 2.10m3/t, respectively.
The gas content of Wells L204, L201, H202, and Z202 is
higher, ranging from 0.86m3/t~8.04m3/t, with an average
of 4.716m3/t, 3.30m3/t, 3.22m3/t, and 2.71m3/t, respectively.
The gas content of the deep shale reservoir is lower than that
of shallow shale reservoirs (at a burial depth of
2,262m~2,589m) [29].

4.2. Graphitization of Organic Matter. The organic matter in
deep shales shows high thermal maturity and is in the high-
or over-maturity stage (Table 1). The TEM technique was
used to observe the extracted organic matter from eight deep
shale samples. A large number of regular layered structures
are found (Figures 3(a) and 3(c)), and their crystal forms
are similar to those of graphite. A large number of ring-
shaped diffraction spots are found (Figures 3(b) and 3(d)),
with distinct lattice features, which is the typical graphite
pattern. Graphitization of organic matter occurs in these
shales in general. The TEM images and diffraction images
of deep shales at different thermal evolution stages
(Figure 3) show that layered and striped graphitized lattices
in organic matter increase with a higher degree of maturity
and so does the continuity of graphitization. The diffraction

images also show that the point-shaped monocrystals
increase with the thermal evolution, indicating the increase
of monocrystal graphite.

Table 2 shows the XPS fitting results of carbon peaks for
LFI shale samples from different wells. For shale organic
matter of varying maturity, the intensities of their represen-
tative peaks of C-O bonds, C-C bonds, and Π bonds differ
significantly. Although with different relative content,
graphite structures are found in the organic matter of all
eight samples, indicating the common existence of graphite
structures in the organic matter of deep shale reservoirs.
The relative content of graphitic structure in organic matter
increases from the basin center to the edge (Figure 1(b) and
Table 2). The relative content of graphite structure is highest
in the LFI

1 sample fromWell Nx202, reaching 24.73%; and it
is relatively lower in the LFI

1 sample from Well H202, drop-
ping to 11.67%. Vertically, for Well Nx202 and H202, the
relative content of graphitic structure in organic matter
gradually increases from LFI

4 to LFI
1.

4.3. Micro pores in Deep Shale Reservoir

4.3.1. Characteristics of Pore Structures. As shown in Table 3,
the total pore volume (TPV), total specific surface area
(TSSA), and average pore diameter (APD) were obtained
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Figure 6: (a) Total pore volume and (b) total specific surface area vs. contents of clay minerals.
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using low-temperature N2 adsorption isotherms. Its TPV
ranges from 0.01273 to 0.04418 cm3/g, with an average of
0.02564 cm3/g; its TSSA ranges from 12.42 to 35.66m2/g,
with an average of 24.31m2/g; and its APD is
4.14~13.38 nm, with an average of 6.29 nm. Compared with
the shallow shale reservoirs of the Longmaxi Formation in
the Fuling area [29], the deep shale reservoir shows a larger
pore volume and specific surface area.

4.3.2. Pore Connectivity. SI experiments were made on 8
deep shale reservoir samples. During the first 30 seconds of
each SI experiment, the samples were unstable as they sank
into the fluid, causing fluctuations in weight (Figure 4).
Then, the cumulative SI height showed a linear relationship
with SI duration. The slope (or ratio) between the cumu-
lative SI height and SI duration on a logarithmic scale is
shown in Figure 4. According to Handy’s equation [41],
a theoretical imbibition slope of 0.5 indicates good pore
connectivity of the porous medium for the tested fluid,
and a lower slope (<0.5) may indicate poor pore connec-
tivity [40].

The pore connectivity varies significantly among the dif-
ferent samples from LFI

1 (Figure 4). The first-experiment SI
slope of the samples from Wells Nx202 and H202 gradually
decreased from LFI

4 to LFI
1, indicating that the pore con-

nectivity of upper layers is better than that of the lower
layers. For the three repeated experiments of 10 samples
from LFI

4, the SI slope gradually falls from 0.336 to
0.250, indicating that the pore connectivity of the samples
is affected by the fluid with the increase in the number of
experiments.

4.4. Adsorption Characteristics of Deep Shale Gas. The meth-
ane adsorption isotherm under high pressure of deep shale
samples is shown in Figure 5. The Langmuir volume of deep
shale samples ranges between 0.78 and 4.26m3/t, and their
Langmuir pressure is between 1.53 and 11.45MPa. For the
methane adsorption capacity under moisture-equilibrated
conditions, there are significant differences among samples
from different depths. Compared with the LFII and LFI shale
reservoirs in southeastern Chongqing (at a burial depth of
655.8m~887.1m), the deep shale reservoirs show a greater
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Figure 7: (a) Total pore volume and (b) total specific surface area vs. the relative content of graphite structures. The data of the blue square
is from Xue et al. [36].
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methane adsorption capacity under moisture-equilibrated
conditions [42].

5. Discussion

5.1. Gas Storage Capacity of Deep Shale Reservoirs

5.1.1. Contribution of Clay Minerals to Deep Shale Gas
Storage Space. Clay minerals are commonly found in marine
shale [23, 25]. Unlike other minerals, clay minerals show lay-
ered structures built up from silicon-oxygen tetrahedrons
and aluminum-oxygen octahedrons, where atoms are
arranged with fixed patterns [43, 44]. This layered structure
enables the formation of grid- or strip-like interlayer intra-
granular pores [8, 45]. Moreover, during the transformation
of clay minerals, the interlayer dehydration can cause small-
scale interlayer collapse and lattice rearrangement, making
the flaky clay minerals to form new intercrystalline pores
[20]. So, the existence of clay minerals is often accompanied
by the massive development of pores. Clay mineral pores
have a diameter of 2~ 100 nm and a specific surface area of
32.1m2/g~219m2/g [8]. With large pore volume and spe-
cific surface area, these pores bring valid space for the accu-
mulation and storage of shale gas. As shown in Figure 6,
under dry conditions, the TPV and TSSA increase signifi-

cantly with higher clay minerals contents. It indicates that
pores increase in deep shale with the enrichment of clay
minerals, which also provides massive space for the storage
of fluids in deep shale.

5.1.2. Effect of Graphitization on the Storage Space in Deep
Shale. During the thermal evolution of organic matter, car-
bonaceous matter tends to show an ordered structure [46,
47]. And carbon atom structure transforms from chain to
ring, and the aromatic structures increase, eventually trans-
forming into layered graphite structures [46, 47]. The carbon
atoms in the graphite structure are linked by α bonds and
can withstand deformation under external forces by twisting
the chemical bonds [48, 49]. In such a way, with the increase
of graphite structures, the ability of organic matter to resist
deformation weakens. Deep shale is often under immense
pressure from upper formations, and its graphitized organic
matter is subject to extrusion and susceptible to plastic
deformation [48, 49]. The organic matter pores of the shale
of the LF in the Sichuan Basin account for 10~40% of the
TPV [50]. The organic matter pores provide the prominent
accumulation and storage space for shale gas, and their
change can significantly impact on the TPV of shale. The
relationship between the TPV and the relative content of
graphite structures in the deep shale samples under dry
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Figure 8: (a) Water content and (b) Langmuir volume vs. contents of clay minerals.

11Lithosphere

Downloaded from http://pubs.geoscienceworld.org/gsa/lithosphere/article-pdf/doi/10.2113/2022/1796297/5738440/1796297.pdf
by guest
on 27 November 2022



conditions shows that, with the increase of graphite struc-
tures in the organic matter, the TVP decreases significantly
(Figure 7(a)). While the organic matter is squeezed and
deformed, the pores in the organic matter are also squeezed
and twisted, or even collapsed, resulting in a decrease in the
number and size of organic matter pores. The graphitization
of organic matter can cause severe damage to deep shale
pores. Different from the TPV, under dry conditions, as
the relative content of graphite structures increases, the
TSSA of deep shale samples increases first and then
decreases (Figure 7(b)). A possible explanation is that, when
the relative content of graphite structures is low, the pores in
the organic matter become more minor subject to compres-
sion deformation. The proportion of smaller pores in shale
increases, and the surface area becomes more extensive
[36]. When the relative content of graphite structures is
high, the pores in the organic matter collapse or close, result-
ing in a smaller surface area in shale.

5.1.3. Effect of Water on the Storage Space in Deep Shale.
Water in shale reservoirs often occupies the storage space
for natural gas [51]. So Sw can directly affect the content of
natural gas. For clay minerals pores, with higher contents
of clay minerals, the shale pore surface area, as well as the
adsorption sites for pore fluid increases, thus improves the

shale’s adsorption capacity for pore fluid [51]. The atomic
replacement of clay minerals can lead to uneven distribution
of surface charge, increasing the affinity of the surface of clay
minerals to different adsorbates in shale reservoirs [52].
Shale reservoirs usually contain water in natural geological
conditions [25, 51]. Compared with shallow shales at a depth
less than 3,500m underground, deep shale cores show a
higher water content ranging from 18.68mg/g to 91.24mg/
g, which increases with the higher contents of clay minerals
(Figure 8(a)). Study shows that, for water-saturated shale
samples, the methane adsorption decreases by 63.7% to
81.3% when the contents of clay minerals increase [42]. In
shale with high Sw, the polar adsorption sites on the surface
of clay minerals are often occupied by polar water molecules,
negatively affecting the gas adsorption. The relationship
between the Langmuir’s volume and the contents of clay
minerals when shale samples are moisture-equilibrated
shows that the methane adsorption capacity decreases with
the higher contents of clay minerals (Figure 8(b)). One possi-
ble explanation is that tiny pores are blocked by water mole-
cules and thus cannot adsorb methane molecules. The water
molecules can form a film on the surface of large pores, ham-
pering the adsorption capacity of the surface to methane
molecules. In this way, water significantly inhibits the ability
of clay minerals in deep shale reservoirs to adsorb methane.
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Figure 9: (a) Water content and (b) Langmuir volume vs. content of the relative content of graphite structures.
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For the pores in organic matter, with the loss of polar
functional groups (oxygen-containing) in organic matter
and the regular arrangement of carbon atoms, the polarity
of organic matter molecules decreases, reducing the
adsorption capacity of the organic matter to polar water
molecules [53]. As shown in Figure 9(a), the water content
in the shale reservoir decreases when the relative content
of graphite structures increases. It indicates that the graph-
itization of organic matter reduces the adsorption sites of
water and the deep shale’s ability to adsorb water. In addi-
tion, the graphitization can result in a gradual increase in
the density of carbon atoms on the surface of organic mat-
ter, making the structure distribution smoother and more
continuous, thus enhancing the ability of organic matter
to adsorb methane [54]. As shown in Figure 9(b), Lang-
muir volume is positively correlated with the relative con-
tent of graphite structures when the shale sample is
moisture-equilibrated. Langmuir volume by the samples
from Well Nx202 is higher than that adsorbed by the sam-
ples from Well H202 (Figure 5). This result suggests that
graphitization in organic matter reduces the TSSA of deep
shale, but not reduce the adsorption of methane by pores
in organic matter due to the graphite structure’s strong
ability to adsorb methane.

5.2. Sealing Capacity of Deep Shale Reservoirs

5.2.1. Self-Sealing of Deep Shale Reservoirs. Self-sealing of
shale gas reservoirs refers to the sealing effect on gas due
to the weakened gas transport capacity in shale reservoirs
resulting from the molecular forces within the gas or
between the gas and the pore interface [55]. At the micro-
and nano-scale, the flow of gas depends on the pore diame-
ter and the free path of gas molecules [17, 19]. With a given
free path of gas molecules, the smaller the pore size, the
more frequent the interaction between the gas and the pore
surface will be, and the weaker the gas transport capacity
[17]. As shown in Table 3, the average pore diameter of deep
shale reservoirs is distributed within a narrow range from
4.14 nm to 13.38 nm. The methane molecules with limited
transport capacity mainly move through slip flow, overflow,
and surface diffusion [17]. The diameter of pores in deep
shale reservoirs is primarily determined by the contents of
clay minerals and the graphitization degree (Figure 10).
The higher the contents of clay minerals, the larger the aver-
age pore diameter will be (Figure 10(a)), which enhance the
transport capacity of methane in deep shale reservoirs. The
higher the graphitization degree, the smaller the average
pore diameter will be (Figure 10(b)), inhibiting methane
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Figure 10: Average pore diameter vs. contents of (a) clay mineral and (b) the relative content of graphite structures.
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transport capacity in deep shale reservoirs and thereby
enhancing their self-sealing ability.

5.2.2. Connectivity of Deep Shale Reservoir. The intercon-
nected pores in shale reservoirs often provide good dissipa-
tion channels for shale gas [13]. The pore structure in
deep shale reservoirs mainly depends on the clay minerals
and the graphitization degree (Figure 11). As shown in
Figure 11(a), the SI slope of the deep shale reservoir
increases with the higher contents of clay minerals. The
increase of clay minerals significantly improves the con-
nectivity of deep shale reservoirs. The possible explanation
may be that abundant intragranular pores and intercrystal-
line pores forming between layers of clay minerals in deep
shale increase the possibility of connectivity between pores.
As shown in Figure 11(b), the SI slope decreases with
increasing the relative content of graphite structures, indi-
cating a destructing effect of organic matter graphitization
on the connectivity of deep shale reservoirs. This may be
caused by the severe damage to organic matter pores by
the graphitization of organic matter, resulting in a poor
connection between previously well-connected pores in
organic matter. It also can be seen from the higher TPV
(Table 3) and lower porosity (Table 1) of these reservoirs.
Despite the large TPV, the connected matrix pores are rel-

atively small, indicating many of disconnected, isolated
pores in the deep shale.

5.2.3. Contribution of Water to the Sealing Ability of Deep
Shale Reservoirs. LFI

4 deep shale reservoir is characterized
by high contents of clay minerals and water (Figure 2).
Sample 10 with relatively low contents of clay minerals
and water were selected from LFI

4 to conduct three
repeated vertical bedding SI experiments. The results are
shown in Figure 4. As the number of experiments increases,
the SI slope gradually decreases, indicating that the connec-
tivity of pores in deep shale reservoirs weakens after
repeated experiments. This is maybe caused by the swelling
effect of clay minerals adsorbing water, which changes the
pore structure of shale samples and reduces pore connectiv-
ity [56]. In deep shale reservoirs with higher contents of
water and clay minerals, pore connectivity may be
destroyed even more seriously. The LFI

4 deep shale reser-
voir has good pore connectivity and a larger pore diameter
under dry conditions (Table 3). However, in a natural envi-
ronment, the contained water limits methane’s ability to
transfuse or flow in the LFI

4 shale reservoir and plays a role
in preventing methane from dissipating from the lower
shale reservoirs [57].
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Figure 11: Spontaneous imbibition slope vs. contents of (a) clay mineral and (b) the relative content of graphite structures.
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5.3. Gas-Bearing Characteristics in Deep Shale Reservoirs

5.3.1. Lithofacies of Deep Shale Reservoirs and Their Gas-
Bearing Characteristics. Shale lithofacies were classified
based on the organic matter richness and mineral compo-
sitions [58]. According to the TOC content, shale could be
divided into three types: organic-rich shale (TOC > 2%),
organic-fair shale (2% > TOC > 1%), and organic-poor
shale (TOC < 1%). According to the contents of non-clay
mineral silicates (Si), clay minerals (Ar), and carbonates
(Ca), shale could be classified into four types: argilla-
ceous shale (clay minerals contents > 50%), siliceous shale
(non‐clay mineral silicates > 50%), calcareous shale
(carbonates > 50%), and mixed shale (non-clay mineral sili-
cates, carbonates, and clay minerals contents < 50%).

As shown in Figure 12, the distribution of deep shale
lithofacies is mainly concentrated in seven types of litho-
facies: organic-poor siliceous shale (OPSS), organic-poor
argillaceous shale (OPAS), organic-poor mixed shale
(OPMS), organic-fair siliceous shale (OFSS), organic-fair
mixed shale (OFMS), organic-rich siliceous shale (ORSS),
and organic-rich mixed shale (ORMS). Similar to shallow
shale gas reservoirs, lithofacies with more enriched hydro-
carbon generating materials tend to have higher gas con-
tent (Figure 13). On the one hand, abundant organic
matter means that shale has good gas generating potential;
on the other hand, nanoscale pores in organic matter are
relatively developed, which increases the storage capacity
of shale [21]. However, graphite structure of deep shale
gas reservoir is generally developed. The difference in the
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development of graphite structure in the same lithofacies
leads to the difference in the development of organic mat-
ter pores, which further leads to the wide distribution of
gas content. At the same time, the lithofacies with high
clay minerals contents often show low gas content
(Figure 13). This is because the Sw in the deep shale reser-
voirs is high (Figure 2(f)), so that the hydrophilic clay
mineral pores are often occupied by water. The shale lith-
ofacies with high clay mineral contents have higher Sw and
lower gas content.

5.3.2. Analysis of the Difference of Gas Bearing
Characteristics. The capability of deep shale reservoir to
store gas and seal gas and their spatial configuration rela-
tionship lead to significant differences in gas bearing charac-
teristics. Well H202 is a typical high-yield well of deep shale
gas, with a production rate of 22:37 × 104 m3/d, and out-
standing economic benefits for exploitation. Compared with
Well H202, the production of deep shale gas from Well
Nx202 is extremely low, with no economic value for its fur-
ther exploitation.
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Figure 14: TOC, clay minerals contents, lithofacies, relative content of graphite structure, Sw, porosity, and gas content of Longmaxi
formation of well H202. See Figure 1 for the well location.
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As shown in Figure 14, the graphite structures in the
samples from Well H202 are less developed, which enable
the organic matter to resist elastic deformation and suffer
less damage due to compaction. The proper graphitization
degree can provide more adsorption sites for methane and
thereby enhance the shale reservoir’s ability to adsorb meth-
ane. LFI

2 and LFI
1 at Well H202 are mainly composed of

ORSS and OFSS with low water content, resulting in less
space for methane storage being occupied by water in the
shale reservoirs. LFI

2 and LFI
1 samples from Well H202

show good storage capacity. From LFI
3 to LFII, OPAS and

OPMS appear more frequently. Due to the increased con-
tents of clay minerals in the shale reservoir, the Sw in the
shale reservoir increases continuously from LFI

3 to LFII,
and the contained water brings greater damage to shale gas
storage space. The LFI

3, LFI
4, and LFII shale reservoirs show

a poor storage capacity. On the other hand, due to the high
Sw and contents of clay minerals, the pore connectivity of
shale reservoirs is severely damaged. LFI

3, LFI
4, and LFII

shale reservoirs can well seal the shale gas in the LFI
2 and

LFI
1. The proper graphitization degree in the entire shale

interval hampers the transmission capacity of shale gas in
the reservoirs and enhances the self-sealing capacity of LFI

2

and LFI
1 shale reservoirs. The pattern of a lower shale reser-

voirs with good microstorage and microself-sealing capacity
and an upper shale reservoirs with good microsealing capac-
ity brings high gas content for the lower shale reservoirs.

As shown in Figure 15, the deep shale reservoirs of Well
Nx202 are highly graphitized. Under the pressure of the
upper formations, the organic matter is susceptible to plastic
deformation leading to severe damage to the pores. The LFII
and LFI of Well Nx202 have higher Sw. Although the layer
LFI is dominated by ORMS and ORSS, water seriously
occupies the accumulation and storage space for methane,
causing severe damage to the storage capacity of these layers.
There are abundant OFSS, OFMS, OPAS, and OPMS in LFII.
Due to the high Sw, the gas storage space and connectivity of
LFII are destroyed. The lower shale reservoir shows low gas
content due to the insufficient storage capacity of the lower
shale reservoir.

The data analysis results of the seven deep shale gas wells
show that a good gas storage capacity could be defined as a
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Figure 15: TOC, clay minerals contents, lithofacies, relative content of graphite structure, Sw, porosity, and gas content of Longmaxi
formation of well Nx202. See Figure 1 for the well location.
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TOC > 1%, clay minerals < 38%, a low water content (i.e.,
Sw < 50%), and a low graphitization degree of organic matter
(<20%). An excellent microsealing capacity is usually
defined as the TOC < 1%, clay minerals > 37%, with rela-
tively high water content (Sw > 50%), and a medium graph-
itization degree of organic matter (>5%). The four deep
shale gas wells (L201, L204, H202, and Z202) with high gas
content show similar patterns, including good microstorage
and self-sealing capacity in the lower shale reservoir and
good microsealing capacity in the upper shale reservoir.

6. Conclusions

(1) Compared with shallow shale reservoirs, deep shale
reservoirs have lower porosity, higher water satura-
tion, lower gas content, higher graphitization degree,
and stronger methane adsorption capacity

(2) In deep shale reservoirs with a higher degree of
graphitization, organic matter has a relatively weak
ability to resist elastic deformation, and the organic
matter pores often deform or even collapse after
being squeezed. As a result, the gas storage in these
shale reservoirs is severely damaged, hindering gas
preservation. In shale reservoirs with a lower degree
of graphitization, the graphite structures can enhance
the ability of the shale reservoir to adsorb gas and
realize self-sealing, facilitating gas preservation

(3) Higher contents of clay minerals in deep shale reser-
voirs can greatly increase the pore volume and spe-
cific surface area. However, the affinity of clay
minerals for water can lead to an increase in water
content in shale reservoirs, hindering the capacity
of shale reservoirs to store and transport shale gas.
Under this effect, the upper shale reservoir with
higher contents of clay mineral shows outstanding
sealing performance for the lower shale reservoir,
helping it preserve shale gas

(4) It is necessary for high gas content in deep shale res-
ervoirs that good storage and self-sealing capacity of
the lower shale reservoirs and good sealing capacity
of the upper shale reservoirs
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