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Many sets of Paleozoic marine organic-rich shale strata are developed in southern China. However, the exploration and
development degree of these strata are different. Cambrian shale and Ordovician-Silurian shale are two horizons with high
degree of exploration, while Devonian shale and Carboniferous shale exploration is deficient. Based on XRD, FE-SEM, and gas
adsorption experiment, pore development characteristics and controlling factors of Devonian and Carboniferous shale are
investigated. There are mainly four lithofacies in Devonian and Carboniferous shale: mixed shale (M), carbonate/siliceous
mixed shale (M-1), argillaceous/siliceous mixed shale (M-2), and argillaceous-rich siliceous shale (S-3). Reservoir characteristics
of both two sets of shale strata are quite different. The averages of porosity, pore volume, and specific surface area of Devonian
shale are 3.81%, 9.7 x 107> cm’/g and 11.8 m*/g, while those of Carboniferous shale are 3.57%, 17.3 x 107> cm’/g and 19.8 m*/g.
Thermal evolution (Ro) and tectonic preservation conditions are the main factors affecting the pore development.
Carboniferous shale (Ro=2%) is in the stage of producing a large number of organic pores. Devonian shale (Ro = 3.5%) is
having difficulty preserving organic pores due to high thermal evolution. Meanwhile, Devonian shale (well GTD1) is strongly
affected by tectonic movement; tectonic fractures and calcite veins are developed. Carboniferous shale (well GRY1) is in
relatively stable area; tectonic fractures are not developed. Under the influence of compaction, the pore volume and specific
surface area of Carboniferous shale are 78.3% and 67.8% higher than those of Devonian shale, respectively. This research can
provide reference for clarifying shale pore development and evolution mechanism and similar shale gas exploration both in
study area and around the world.

1. Introduction

Due to the horizontal drilling and hydraulic fracturing,
shale gas exploration and development in the United
States have been relatively successful and energy indepen-
dence has been realized. The main gas-producing shales in
the United States are Devonian shale, Carboniferous shale,
and Permian shale, such as Devonian Marcellus shale in
Appalachian Basin, Devonian Woodford shale in Ana-
darko Basin, Carboniferous Barnett shale in Fort Worth
Basin, Carboniferous Fayetteville shale in Arkoma Basin,
and Permian Wolfcamp shale in Midland Basin [1-5].

Gas-producing shales in the United States have relatively
new stratigraphic age, low thermal evolution, low hydro-
carbon expulsion efficiency, and better preservation condi-
tions [6-8]. After the United States and Canada, China
has also taken the lead in realizing the commercial exploi-
tation of shale gas. China mainly makes breakthroughs in
ancient shales, such as Silurian Longmaxi shale in Sichuan
Basin, Cambrian Niutitang shale in Western Hubei, and
Ordovician Wulalike shale in Erdos Basin [9-13]. The
exploration and development of Late Paleozoic
Devonian-Carboniferous organic-rich shale widely devel-
oped in South China are still in the early stage. Therefore,
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FIGURE 1: (a) The location of study area; (b) stratigraphic histogram of the study area.

it is necessary to further evaluate the characteristics and
gas-bearing property of Devonian and Carboniferous
organic-rich shale reservoirs.

Studies on the pores of shale reservoir have had a rela-
tively comprehensive understanding, including type, mor-
phology, volume and specific surface area, connectivity,
and roundness [10-22]. Previous studies have shown that
there are many factors affecting the pore development of
shale reservoir [21-24]. A large number of siliceous mineral
particles in siliceous shale can better prevent the destruction
of primary pores, better preserve reservoir space, and play a
positive role in the enrichment of shale gas [25-32]. When
the Ro is greater than 2%, a large number of organic pores
begin to develop in organic matter, while when Ro is less
than 0.5%, the organic pores are basically not developed
[24]. The formation pressure in the tectonic stable area is
well preserved, and the reservoir has strong support capac-
ity, which can offset the compaction of the overlying strata
and is conducive to the preservation of pores. However,
due to the release of formation pressure, the pores are usu-
ally destroyed under the compaction of the overlying strata
in the tectonic deformation area [33-36].

The investigated samples were collected from two wells
(well GRY1 and well GTD1) for comparative analysis of
pore developmental characteristics and controlling factors
of Devonian and Carboniferous shales (Figure 1). The main
purposes are as follows: (1) investigating the petrological and
mineralogical characteristics and lithofacies development
characteristics of Devonian and Carboniferous organic-rich
shale and (2) analyzing the pore structure characteristics
and controlling factors of Devonian and Carboniferous
organic-rich shale in southern China.

2. Geological Setting

In this paper, the study area includes southern Guizhou
Province, central and Western Guangxi Province, and east-
ern Yunnan Province, which is in the tectonic transforma-
tion area under the joint action of Pacific tectonic domain
and Tethys tectonic domain (Figure 1(a)). It is a passive con-
tinental margin rift basin formed by the return of southern
China fold system caused by Guangxi movement at the
end of Early Paleozoic. In the Triassic, it evolved into a
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FIGURE 2: (a) Lithology and sampling location in well GRY1; (b) lithology and sampling location in well GTD1.

unified turbidite basin, and the sedimentary filling process is
complicated [37, 38].

The study area is located in the southern margin of the
Caledonian Yangtze ancient plate and the northwest of the
South China magmatic orogenic belt. It is bounded by
Guiyang-Zhenyuan fault, Wuling depression, and central Gui-
zhou Uplift in the north; Xuefeng mountain uplift (Jiangnan
ancient land) in the northeast; Longsheng-Yongfu fault, Day-

aoshan fault, Guilin depression, and Dayaoshan uplift in the
East; and Maguan uplift in the West. Three primary depres-
sions are mainly developed in the basin, namely, Qiannan
depression, Guizhong depression, and Nanpanjiang depres-
sion; multiple secondary depressions are developed in these
primary depressions [39-41]. This area has experienced mul-
tistage tectonic movements such as Caledonian, Hercynian,
and Indosinian. Generally, it is characterized by first uplift
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TaBLE 1: TOC, mineral composition, and lithofacies of shale samples in GRY1 and GTDI.

Well Sample ID Quartz (%) Feldspar (;ﬁ[;nercagfl;);rrllztosl(t;: )n Pyrite (%) Clay (%) TOC (Wt.%) Porosity (%) Lithofacies
GRY-1 42.8 1.3 324 1 21.9 0.36 3.66 M-1
GRY-2 46.1 1.2 253 1.2 25.8 1.42 3.12 M-3
GRY-3 54.7 1.7 10.6 1.7 30.8 1.2 4.35 S-3
GRY-6 54.8 1.4 13.9 1.2 28.3 1.55 3.52 S-3

GRY1 GRY-12 45.7 1.7 18.1 1.3 329 1.04 3.38 M-2
GRY-17 50.1 1.3 15.6 0.9 31.5 1.22 3.65 S-3
GRY-18 45.1 2 7.7 2.5 41.1 1.73 4.97 M-2
GRY-32 43.2 2.4 17 1.7 34.5 2.21 4.09 M-2
GRY-43 42.6 1.7 24.8 1.7 28.5 2.14 3.51 M-3
GTD-1 36.3 2 40.3 1.5 18.2 — 4.43 M-1
GTD-2 35.0 1.8 374 1.4 23 1.24 3.47 M-1

GTD1 GTD-3 49.9 4.1 4.9 0.6 374 0.591 5.06 S-3
GTD-4 58.8 33 0.5 0.4 36 0.481 2.14 S-3
GTD-5 47.6 34 9.1 0.9 38.2 0.86 3.49 S-3
GTD-6 50.0 3 4.6 0.7 40.4 0.598 2.87 S-3

and then subsidence. Specifically, after Caledonian uplift and
denudation, it was affected by marine transgression from Early
Devonian to Middle Triassic, and marine sedimentary strata
such as Devonian, Carboniferous, and Permian were devel-
oped on the Cambrian basement (Figure 1(b)) [37, 38].

The sedimentation of the Lower Carboniferous Luzhai
shale most likely occurred in low-energy anoxic platform-
margin to open-platform environment [33, 42]; the deposi-
tion thickness is about 300 m. The sedimentary environment
of the Middle Devonian Luofu shale is similar to that of the
Luzhai shale [43]. Deposition thickness (about 420m) is
slightly greater than Luzhai shale. Both two sets of shale
belong to the potential intervals for shale gas exploration
and development in southern China.

3. Samples and Methodology

The investigated shale samples were obtained from well GRY1
and well GTD]I, including 9 samples from Carboniferous shales
in well GRY1, and 6 samples were from Devonian shales in well
GTD1 (Figures 2(a) and 2(b)). Shale samples were analyzed by
scanning electron microscopy (FE-SEM), CO, adsorption, and
N, adsorption. Table 1 lists the measured results of TOC con-
tent (Wt.%), XRD mineralogy (Wt.%), and helium porosity of
shale samples. The TOC of Carboniferous and Devonian shale
are about 1.43% and 0.75%, respectively. And the helium poros-
ity of Carboniferous and Devonian cylindrical (about 2.5cm
diameter) shale samples is about 3.8% and 3.57%.

3.1. Field Emission Scanning Electron Microscopy (FE-SEM).
In order to observe the pore type, morphology, number, and
microfracture development of shale in details, the combina-
tion of argon ion milling and field emission scanning elec-
tron microscopy (FE-SEM) was used to observe the
Devonian and Carboniferous shale samples in the studied
area [44, 45].

The preparation of shale samples for field emission scan-
ning electron microscopy analysis is divided into the follow-
ing steps: (1) one surface with an area of about 1cm’ and a
thickness of no more than 0.8 cm is selected; (2) Leica EM
XTP produced by Leica company in the United States is
selected for the first milling; and (3) Leica EM RES102 is
selected for the second milling. The experimental conditions
are as follows: acceleration voltage of 5kV, gun current of
about 2mA, time of 2h, and ion beam angle of 2.5°. After
that, the prepared shale samples were placed under the field
emission scanning electron microscope, and the Zeiss Mer-
lin compact system was used for fine observation. In this
paper, the experimental conditions are as follows: working
voltage of 2kV and working distance 4-6 mm.

3.2. Low-Pressure Gas Isothermal Adsorption. For character-
izing the pore structure in shale reservoir in details, low-
pressure gas adsorption (CO, adsorption and N, adsorp-
tion) is a routine method. Through the measurement of N,
and CO, adsorption capacity in shale pores under different
pressure conditions, combined with the pore volume of each
pore size under different models, the pore distribution in
shale reservoirs can be characterized [15, 32].

In order to obtain information about shale micropores,
Autosorb IQ MP analyzer produced by Quantachrome
Company in the United States was chosen to carry out
CO, adsorption experiments on Devonian and Carbonifer-
ous shale samples. Before the experiment was operated, the
shale samples were crushed into 60-80-mesh particles and
degassed in a vacuum at 383 K for about 14 hours to elimi-
nate the effects of volatile substances and adsorbed water
[11]. The CO, isothermal adsorption curve was carried out
at 273.15K (ice water bath), the relative pressure (P/P,)
was 4 x 107*-3 x 1072, the equilibrium interval is 30s, and
the shale micropore distribution is calculated according to
the DFT model [15, 31].
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FIGURE 3: Ternary diagram of mineral compositions of shale samples in well GRY1 and well GTDI.

For the purpose of obtaining the information about
mesopores and macropores of shale, Micromeritics ASAP
2020 Surface Area and Porosity Analyzer produced by
Micromeritics instrument Company in the United States
was selected to analyze Devonian and Carboniferous shale
samples for N, adsorption experiments. The adsorption
and desorption of N, in shale samples were measured under
the conditions of temperature 77.35K, relative pressure
range 0.005-1.0, and equilibrium interval 30s. The distribu-
tion of mesopores and macropores in shale is calculated
according to BJH model [15, 31, 32, 46].

4. Results

4.1. Mineral Composition and Lithofacies Classification. In
this study, 15 typical representative shale samples from two
wells were selected for XRD test. Experimental data shows
that the shales of Devonian Luofu formation in well GTD1
and Carboniferous Luzhai formation in well GRY1 have
similar mineral composition, mainly quartz, feldspar, pyrite,
clay minerals, and carbonate minerals, in which the content
of siliceous minerals (quartz and feldspar) is high, and the
content of carbonate minerals is relatively low. The siliceous
mineral content of Luzhai formation shale is 42.6%-54.8%
(average 47.23%); the carbonate mineral content is 7.7%-

32.4% (average 18.7%); and the clay mineral content is
21.9%-41.1% (average 30.6%). And the siliceous mineral
content of Luofu shale is 31.8%-73.2% (average of 48.94%);
the carbonate mineral content is 0.5%-40.3% (average
16.1%); and the clay mineral content is 18.2%-40.4% (aver-
age 32.2%).

According to the X-ray diffraction of in Devonian and
Carboniferous shale Table 1, four lithofacies are classified
in lithofacies triangle diagram [47, 48], including mixed
shale (M), carbonate/siliceous mixed shale (M-1), argilla-
ceous/siliceous mixed shale (M-2), and argillaceous-rich sili-
ceous shale (S-3). Middle Devonian Luofu shale develops
two lithofacies types: lime-rich mixed shale and mud-rich
siliceous shale. Lower Carboniferous Luzhai shale develops
four lithofacies types: lime-rich mixed shale, mud-rich
mixed shale, mixed shale, and mud-rich siliceous shale
(Figure 3).

4.2. SEM Pore Characteristics. According to the results of
SEM, the pore types in Devonian and Carboniferous shale
samples in the study area mainly include organic pores,
inorganic pores, and microfractures (Figure 4).

Organic pore is one of the main pore types in shale sam-
ples, which are widely distributed in areas containing
organic matter [24, 26, 29, 30]. The organic pores of
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FIGURE 4: SEM photos of shale samples in well GRY1 and well GTD1: (a) round-oval organic pores, 1361.7 m, well GRY1; (b) round-oval
organic pores, 1367.4 m, well GRY1; (c) collapse-closure organic pores, 1050.0 m, well GTD1; (d) collapse-closure organic pores, 1050.0 m,
well GTD1; (e) round-oval organic pores, 1599.3 m, well GRY1; (f) round-oval organic pores, 1534.8 m, well GRY1; (g) irregular organic
matter, 1178.4m, well GTDI; (h) irregular organic matter, 12359 m, well GTDI1; (i) intragranular pore, 1367.4m, well GRY1; (j)
microfractures, 1628.3 m, well GRY1; (k) intragranular pore, 1050.0m, well GTDI; (1) pyrite framboids, 1050.0 m, well GTD1; (m)
intergranular pore, 1552.7 m, well GRY1; (n) microfractures, 1599.3 m, well GRY1; (o) intergranular pore, 1165.5m, well GTDI; (p)

microfractures, 1235.9 m, well GTD1.

Carboniferous shale are relatively developed. Most of the
organic pores are round oval, and a few are slit or strip
(Figures 4(a), 4(b), 4(e), and 4(f)). There are few organic
pores in Devonian shale, and those that developed organic
pores only show the characteristics of collapse and closure
(Figures 4(c), 4(d), 4(g), and 4(h)).

Inorganic pores and microfractures are also important
pore types in Devonian and Carboniferous shale samples.
Inorganic pores can be divided into intergranular pores and
intragranular pores. Intergranular pores are generally distrib-
uted between rigid particles such as quartz, feldspar, and cal-
cite or flaky clay minerals. They are generally triangular and
polygonal, with straight edges and relatively large sizes ranging
from nano- to several microns (Figures 4(l), 4(m), and 4(0)).
The formation of intragranular pores is related to the dissolu-
tion of mineral particles, and the size is small, generally tens of
nanometers (Figures 4(i) and 4(k)). Microfracture formed by
the fracture of particles in shale due to tectonic movement or
compaction. They are generally distributed in the interior or
edge of mineral particles, and the length does not exceed 50
microns (Figures 4(j), 4(n), and 4(p)).

4.3. Quantitative Analysis of Pore Structures. According to
the pore classification standard of IUPAGC, it is proposed to
divide the nanopores of shale into micropores
(pore diameter < 2nm), mesopores (pore diameter 2-
50 nm), and macropores (pore diameter > 50 nm). Since car-

bon dioxide gas can enter pores with a diameter of 0.35 nm,
the micropore distribution can be calculated by the DFT
model. According to the BJH model, N, adsorption can
effectively characterize the pore volume and specific surface
area of mesopores and macropores by measuring the liquid
N, content in pores under different pressure conditions.
Therefore, the micropores of shale reservoirs of Lower Car-
boniferous Luzhai shale (well GRY1) and Middle Devonian
Luofu shale (well GTD1) can be characterized by low-
temperature CO, adsorption and N, adsorption/desorption.

4.3.1. Analysis of CO, Adsorption. The CO, adsorption curves
of 9 samples in well GRY1 are shown in Figure 5(a). The
adsorption capacity of mud-rich mixed shale is the largest, with
an average of 1.4 cm’/g, followed by mixed shale and lime-rich
mixed shale, with an average of 1.0 cm®/g and 0.9 cm’/g, respec-
tively, and the adsorption capacity of mud-rich siliceous shale is
the smallest, with an average of 0.8 cm’/g. The CO, adsorption
curves of 6 samples in well GTD1 are shown in Figure 5(b). The
adsorption capacity of lime-rich mixed shale is large, with an
average of 0.7cm’/g, and that of mud rich siliceous shale is
small, with an average of 0.6 cm’/g.

At the same time, based on the DFT model, we recognize
that the pore size distribution of micropores in Devonian
and Carboniferous shale presents the characteristics of mul-
tiple peaks in the range of 0.3-1.0 nm, indicating that these
pores have a large pore volume (Figures 5(c) and 5(d)).
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FIGURE 5: (a) CO, adsorption curve of Carboniferous shale samples in well GRY1; (b) CO, adsorption curve of Devonian shale samples in
well GTD1; (¢) CO, pore diameter distribution curve of Carboniferous shale samples in well GRY1; (d) CO, pore diameter distribution

curve of Devonian shale samples in well GTD1.

4.3.2. Analysis of N, Adsorption. The hysteresis loops formed
by N, adsorption/desorption curves of all shale samples
from well GRY1 and well GTD1 are H3 and H4, indicating
that the pore types are mainly plate pores and slit pores [15].

The N, adsorption curves of 9 shale samples from well
GRY1 show that the distribution range of maximum N,
adsorption capacity is 8 cm’/g-12cm’/g (Figure 6(a)). And
there are great differences in N, adsorption characteristics
among different lithofacies. The adsorption capacity of mud-
rich mixed shale is the largest, with an average of 10.5cm’/g,
followed by mixed shale and mud-rich siliceous shale, with
an average of 8.6cm’/g and 8.26cm’/g, respectively. The
adsorption capacity of lime-rich mixed shale is the smallest,
with an average of 6.1 cm’/g. The N, adsorption curves of 6
shale samples from well GTD1 are shown in the figure, and

the distribution range of maximum N, adsorption capacity
is 4cm3/g-6 cm3/g (Figure 6(b)). There is no obvious differ-
ence in N, adsorption characteristics between different litho-
facies. The lime-rich mixed shale (average 6 cm’/g) is slightly
larger than the mud-rich siliceous shale (average 5cm’/g).

In addition, based on the BJH model and N, adsorption, it
is recognized that the Devonian and Carboniferous shales have
similar pore size distribution characteristics, but the pore vol-
ume in each pore size interval is different (Figures 6(c) and

6(d)).

4.3.3. Characterization of Total Pore Diameter. In order to
comprehensively characterize the pore characteristics of
shale reservoir, the pores characterized by CO, and N,
adsorption are spliced to obtain the full pore size
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FIGURE 6: (a) N, adsorption curve of Carboniferous shale samples in well GRY1; (b) N, adsorption curve of Devonian shale samples in well
GTDI; (c) N, pore diameter distribution curve of Carboniferous shale samples in well GRY1; (d) N, pore diameter distribution curve of

Devonian shale samples in well GTDI.

distribution characteristics of Devonian shale and Carbonif-
erous shale.

Figure 7(a) shows that the full pore size distribution
range of Carboniferous shale is 0.3-400 nm, the peak pore
size of micropores is 0.6-0.8 nm, and the peak pore size of
macropores is mainly 60-80 nm; there is no obvious differ-
ence in pore size distribution between different lithofacies.
Analysis shows that the total pore volume of Carboniferous
shale is mainly 14.3 x 107> cm’/g-21.7 x 107> cm’/g, with an
average of 17.3x1073cm’/g; the micropore volume is
between 3.3x 107> cm’/g and 10.0 x 107> cm®/g, with an
average of 5.7 x 10~% cm®/g; the mesopore volume is between
7.2x 1073 cm’/g and 10.5 x 107> cm’/g, with an average 8.3

x 1073 cm®/g; and the macropore volume is between 2.8 x

1073 cm’/g and 4.3 x 107> cm’/g, with an average of 3.4 x

107> cm®/g. The total specific surface area is mainly between
14.1 m*/g and 26.8 m*/g, with an average of 19.8 m°/g. The
micropore specific surface area is between 9.9m?®/g and
20.5m?/g, with an average of 14.9 m*/g; the mesopore spe-
cific surface area is between 3.8 m*/g and 6.1 m*/g, with an
average of 4.8 m*/g; and the macropore specific surface area
is between 0.12m%*/g and 0.18m*/g, with an average of
0.14m*/g. Analysis shows that the pore volume and specific
surface area of Carboniferous shale are mainly provided by
micropores and mesopores. The pore volume and specific
surface area of micropores and mesopores account for about
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FiGure 7: (a) N, and CO, pore diameter adsorption curve of Carboniferous shale samples in well GRY1; (b) pore volume distribution of
Carboniferous shale samples in well GRY1; (c) pore specific surface area of Carboniferous shale samples in well GRY1.

80% of the total pore volume and 90% of the total specific
surface area, respectively (Table 2, Figures 7(b) and 7(c)).
Figure 8(a) shows that the Devonian shale has peaks in
the range of micropores, mesopores, and macropores, with
distribution ranges of 0.5-0.8 nm, 2-4nm, and 60-80nm,
respectively. The peak values of different lithofacies are dif-
ferent, and the lime-rich mixed shale is slightly larger than
the mud-rich siliceous shale. The pore volume of Devonian
shale is mainly 7.4 x 1073 cm®/g-12.3 x 107> cm’/g, with an
average of 9.7 x 107> cm’/g; micropore volume between 2.1
x 1073 cm’/g and 3.5 x 1073 cm’/g, with an average of 3.1
x 1073 cm®/g; mesopore volume between 3.6 x 107> cm’/g

and 6.8 x 10° cm®/g, with an average of 5.0 x 107> cm’/g;
and macropore volume between 1.3 x 107> cm®/g and 2.0 x
1073 cm’/g, with an average of 1.6 x 107 cm®/g. The specific
surface area is mainly between 8.2 m?*/g and 14.4 m*/g, with
an average of 11.8 m*/g. The micropore specific surface area
is between 6.0 m*/g and 9.4 m*/g, with an average of 8.2 m?*/
g; the mesopore specific surface area is between 2.2 m*/g and
4.9m?/g, with an average of 3.6m?/g; and the macropore
specific surface area is between 0.05 m°/g and 0.08 m*/g, with
an average of 0.06 m°/g. The pore volume and specific sur-
face area of Devonian shale are also mainly provided by
micropores and mesopores. Pore volume and specific
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TaBLE 2: Volumes and specific surface areas of micropores, mesopores, and macropores of shale samples in GRY1 and GTD1.

Volume (107> cm?/g)

Specific surface area (mz/g)

Well Sample ID Micropore  Mesopore  Macropore  Total — Micropore Mesopore Macropore  Total Lithofacies
GRY-1 10.029 7.204 3.155 20.389 13.153 3.870 0.135 17.159 M-1
GRY-2 5.253 7.929 3.198 16.380 14.787 4.570 0.133 19.489 M-3
GRY-3 3.337 7.346 3.588 14.270 9.982 3.957 0.149 14.087 S-3
GRY-6 4.221 8.443 3.062 15.726 12.982 4.923 0.132 18.036 S-3

GRY1 GRY-12 4.133 9.584 4.205 17.922 12.762 5.427 0.177 18.366 M-2
GRY-17 5.019 7.466 2.806 15.291 14.431 4318 0.115 18.863 S-3
GRY-18 6.891 10.508 4.328 21.727 20.546 6.071 0.183 26.800 M-2
GRY-32 6.453 7.982 2.940 17.375 18.657 5.072 0.118 23.847 M-2
GRY-43 5.522 7.846 3.075 16.443 16.578 4.845 0.126 21.549 M-3
GTD-1 3.490 6.282 1.511 11.283 9.114 4.512 0.061 13.687 M-1
GTD-2 3.492 6.767 2.032 12.292 9.392 4.903 0.078 14.374 M-1

GTD1 GTD-3 2.903 3.806 1.321 8.029 7.812 2.559 0.052 10.424 S-3
GTD-4 2.091 3.598 1.726 7.415 6.013 2.157 0.069 8.239 S-3
GTD-5 3.474 4.577 1.275 9.327 9.082 3.522 0.049 12.653 S-3
GTD-6 2.842 5.134 1.813 9.790 7.665 3.676 0.073 11.414 S-3

surface area account for about 80% of the total pore volume
and 95% of the total specific surface area, respectively
(Table 2, Figures 8(b) and 8(c)).

5. Discussion

5.1. Relationship between Shale Mineral Composition and
Pore Development. According to the results of CO, and N,
adsorption, the parameters of micropores, mesopores, and
macropores are shown in Table 2. For Devonian shale (well
GTD1), TOC has a certain correlation with the total pore vol-
ume, indicating that TOC has an obvious contribution to the
pore volume of Devonian shale (Figure 9(a)). TOC has strong
correlation with micropores and mesopores and weak correla-
tion with macropores, indicating that TOC mainly affects the
development of micropores and mesopores (Figures 9(b)-
9(d)). Meanwhile, the pore volume of Devonian shale (includ-
ing micropores, mesopores, and macropores) is slightly nega-
tively correlated with siliceous minerals and clay minerals
(Figures 9(1)-9(1) and 9(m)-9(p)). However, the increase of
micropore and mesopore volume related to organic matter is
significantly greater than the decrease of micropore and meso-
pore volume related to siliceous minerals and clay minerals. It
is worth mentioning that there is a weak positive correlation
between Devonian shale carbonate minerals and pore volume
(Figures 9(i)-9(1)). This weak positive correlation shows that
carbonate minerals have a small contribution to the develop-
ment of Devonian and Carboniferous shale pores. The specific
reason may be that many dissolution pores are generated under
the influence of dissolution, and these dissolution pores can also
be seen under a scanning electron microscope (Figure 4(k)).
For Carboniferous shale (well GRY1), the correlation
between TOC and total pore volume is not obvious, but
TOC has strong correlation with micropore and mesopore
volume and weak correlation with macropore, indicating that
TOC has a certain contribution to the micropore and meso-
pore volume of Carboniferous shale (Figures 9(a) and 9(c)).

At the same time, there is also an obvious positive correlation
between clay minerals and total pore volume. Clay minerals
have strong correlation with mesopores and macropores and
weak correlation with micropores, indicating that clay min-
erals mainly affect the development of mesopores and macro-
pores of Carboniferous shale (Figure 9(0)). However, due to
the decrease of macropore volume related to TOC, siliceous
minerals and carbonate minerals are greater than the increase
of macropore volume related to clay minerals. Clay minerals
have little effect on macropore volume, which is consistent
with the adsorption test. Therefore, micropores and meso-
pores are the main components of the total pore volume in
Carboniferous shale, accounting for 32.2% and 48.1%, respec-
tively (Table 2, Figure 10). Meanwhile, it is worth mentioning
that there is a weak positive correlation between Carbonifer-
ous shale carbonate minerals and pore volume, which may
be related to the dissolution pores produced by the dissolution
of carbonate minerals (Figure 4(i)).

For Devonian shale (well GTD1), TOC has a certain corre-
lation with total pore volume, while clay minerals have a neg-
ative correlation with total pore volume. In Carboniferous
shales, there is a good correlation between clay minerals and
total pore volume. Therefore, there is a certain difference in
the total pore volume between Devonian shale and Carbonif-
erous shale, with an average of 9.7 x 10~* cm’/g and 17.3 x
107 cm’/g, respectively. In addition, it is worth noting that
the trend of specific surface area (including micropores, meso-
pores, and macropores) is similar to that of pore volume
(Figure 11). The average specific surface areas of Devonian
shale and Carboniferous shale are 11.8m?*/g and 19.8 m?/g,
respectively (Table 2, Figure 10). This phenomenon may be
due to the lower TOC and smaller micropore and mesopore
volume of Devonian shale. Therefore, the pore volume of Car-
boniferous shale is also mainly provided by micropores and
mesopores, accounting for 32% and 48% of the total pore vol-
ume, respectively (Table 2, Figure 10).
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FiGure 8: (a) N, and CO, pore diameter adsorption curve of Devonian shale samples in well GTD1; (b) pore volume distribution of
Devonian shale samples in well GTD1; (c) pore specific surface area of Devonian shale samples in well GTD1.

Through the correlation analysis between TOC and min-
eral composition and both pore volume and specific surface
area, we noted that although Devonian and Carboniferous
shales have similar mineral composition and pore volume/
specific surface area percentage distribution (Tables 1 and
2, Figure 10), there are obvious differences in the correlation
between both pore volume and specific surface area and
TOC and mineral composition. There is a certain correlation
between TOC and pore volume of Devonian shale, which is
obviously different from that of Carboniferous shale. The
same is true for the relationship between TOC and pore spe-
cific surface area. In addition, there are significant differ-
ences in the relationship between clay minerals and pore
volume or specific surface area between Devonian shale
and Carboniferous shale. The clay minerals of Devonian

shale have a significant negative correlation with pore vol-
ume or specific surface area. There is an obvious positive
correlation between Carboniferous shale clay minerals and
pore volume or specific surface area. This shows that TOC
and mineral composition are not the main factors control-
ling the pore development of Devonian and Carboniferous
shale.

5.2. Effect of Thermal Evolution (Ro) on Shale Pore
Development. Previous studies have shown that the pore
characteristics of organic-rich shale are mainly affected by
sedimentary environment, mineral composition, organic
matter type, thermal evolution, and tectonic movement
[14, 25, 49]. Devonian and Carboniferous shales were
formed in the platform-margin to open-platform
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FiGure 9: Correlation between shale material composition and pore volume.

sedimentary environment, with similar sedimentary envi-
ronment and mineral composition, rich in organic matter
and brittle minerals. However, the thermal evolution of
Devonian and Carboniferous shale is different (Figure 12),
which explains the difference (number and morphology) of
organic pores between Devonian shale and Carboniferous
shale in FE-SEM photos to a certain extent.

The contour map of regional thermal evolution shows that
the thermal evolution of Carboniferous shale gradually
decreases from northwest to Southeast (Figure 12(a)). The
Ro of Carboniferous Luzhai shale in well GRY1 is about
2.0%, which is in a high maturity stage. At this stage, kerogen
cracking degree is large, and organic matter begins to generate
a large number of organic pores. In addition, it is worth men-
tioning that the asphalt components in shale at high maturity
stage will also be cracked to form organic pores. Under the
SEM, a large number of organic pores can be observed in the
Carboniferous shale, and the pore morphology is mainly oval
4(e), and 4(f)).

The thermal evolution of Devonian shale also decreases

and circular (Figures 4(a),

gradually

from

4(b),

northwest

to

Southeast

regionally

(Figure 12(b)). The Ro of Luofu shale in well GTD1 is about
3.5%, which is in the overmature stage. After strong aromatiza-
tion and polycondensation, kerogen tends to form graphite
containing only carbon elements, which has a strong destructive
effect on the previously formed organic pores. Under the SEM,
Devonian shale also reflects the destruction of organic pores by

too high thermal maturity. The number of organic pores in the
electron microscope photos is less, and a small number of
organic pores that can be observed also show the characteristics
of merger and collapse (Figures 4(c), 4(d), 4(g), and 4(h)).

5.3. Control of Tectonic Preservation Conditions on Shale
Pore Development. Tectonic preservation condition is one of
the key factors for shale gas accumulation and release, and the
development of fractures has two effects on shale gas-bearing
property: (1) an appropriate amount of microfracture develop-
ment can connect the pores of shale, increase the reservoir space
and seepage capacity of shale, and improve the gas-bearing
property of shale; (2) excessive fractures will destroy the existing
sealing conditions of shale, cause the release of shale gas, and is
unfavorable to the preservation of shale gas [23, 25].

The core can most intuitively and truly reflect the
appearance of underground strata, through the statistical
arrangement of the types and numbers of fractures in Car-
boniferous shale (well GRY1) and Devonian shale (well
GTD1). Two main types of fractures in this area are bedding
fractures and tectonic fractures, and the dip angle is gener-
ally less than 30°. However, there are great differences in
fractures development characteristics between Carbonifer-
ous shale and Devonian shale (Figures 13 and 14).

There are relatively few fractures in Carboniferous shale
(well GRY1), with a total of 2553 fractures, including 2392 bed-
ding fractures and 161 tectonic fractures (Table 3, Figure 15).
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FiGURE 10: Pore volume and specific surface area and their percentage distribution in Devonian shale (well GTD1) and Carboniferous shale

(well GRY1).

According to the type of fracture development, core can be
divided into two sections. In the lower section, core is domi-
nated by tectonic fractures, and a small amount of calcite veins,
structural deformation, and bedding fractures can also be
observed locally (Figures 13(a)-13(d)). It is revealed that the
tectonic activity is relatively strong during sedimentary period
[50, 51]. In the upper section, many bedding fractures and a
few high angle tectonic fractures can be observed
(Figures 13(e)-13(h)), indicating that the tectonic movement
has tended to be stable and weak during sedimentation. A total
of 7600 fractures are developed in the core of Devonian shale
(well GTD1), including 1039 bedding fractures and 6561 tec-
tonic fractures (Table 3, Figure 15). Core can also be further
divided into three sections according to the development of
fractures and calcite veins. Tectonic fractures are mainly devel-
oped in the lower section, with few bedding fractures; high-

angle tectonic fractures filled with calcite are occasionally
observed (Figures 14(a)-14(d)). A fault belt is encountered in
the middle section, the core is relatively broken, and a large
number of calcite veins and tectonic fractures are developed
(Figures 14(e) and 14(f)). The development of calcite veins in
the upper section is similar to that in the lower section, but there
are more bedding fractures (Figures 14(g) and 14(h)), indicating
that the tectonic activity is relatively stable during deposition
[50, 51].

As mentioned above, many tectonic fractures and cal-
cite veins are developed in Devonian shale; tectonic frac-
tures account for 86% of the total fractures, which is
significantly different from the fracture development char-
acteristics in Carboniferous shale (mainly bedding frac-
tures, accounting for 94% of the total fractures)
(Table 3). This difference may be due to the fact that well
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FiGure 11: Correlation between shale material composition and specific surface area.

GTDI is close to the fault belt and affected by tectonism
obviously. Too many tectonic fractures will reduce the
shale reservoir pressure, making it difficult to preserve
organic pores under compaction [36, 45, 49, 52, 53]. This
is consistent with the observation of a scanning electron
microscope.

Under the electron microscope, there are obvious dif-
ferences in the number and morphology of organic pores
between Carboniferous shale and Devonian shale. The
organic pores of Carboniferous shale (well GRY1) are rel-
atively developed, the pore shape is circular elliptical, and
long strips in directional arrangement are occasionally
seen (Figure 16(a)). Devonian shale (well GTD1) has few
organic pores, and most of them have been closed
(Figure 16(b)). The development of organic pores can only
be observed in a few organic matter. Due to the high ther-
mal evolution, the organic pores are merged, and the pore
morphology presents irregular characteristics, mainly flat
or angular (Figure 16(b)).

There are also many differences in pore structure
between Carboniferous shale and Devonian shale. FE-
SEM images are processed by JMicroVision (Figure 17).
The surface porosity of Carboniferous shale is mainly dis-
tributed between 2% and 9%, with an average of 6%. And
the surface porosity of Devonian shale is mainly distrib-
uted between 0.2% and 26%, with an average of 9%. The
surface porosity distribution among different Devonian
shale samples is quite different, which may be related to

the collapse and closure of organic pores in the samples
(Figure 18).

Although Carboniferous shale and Devonian shale have
similar pore size distribution, Devonian shale has fewer
organic pores, lower surface porosity, and smaller pore vol-
ume and specific surface area than Carboniferous shale. This
phenomenon may also be due to the fact that well GTD1 is
affected by tectonic movement [11, 25, 34, 54, 55]. Mean-
while, tectonic fractures and calcite veins are well developed
in the core of Devonian shale (well GTD1). Therefore, the
Devonian shale of well GTDI has poor preservation condi-
tions and high hydrocarbon expulsion efficiency. The result
is that many organic pores in Devonian shale are com-
pressed or closed under the compaction of overlying strata,
the pore shape is flat or angular, and the roundness is low.

Therefore, although shale has similar or identical litho-
facies, the fracture development and pore characteristics of
shale may also be different. As mentioned above, due to strong
tectonic deformation, tectonic fractures are mainly developed
in Devonian shale, and bedding fractures are relatively less
developed. A large number of tectonic fractures lead to poor
sealing conditions of shale and serious release of shale gas.
With the release of shale reservoir pressure, organic pores col-
lapse or even close (Figures 16(e) and 16(f)). Therefore, the
influence of tectonic preservation conditions on the pore vol-
ume and specific surface area is very huge. The pore volume
and specific surface area of Carboniferous shale are 78.3%
and 67.8% higher than Devonian shale, respectively.
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TaBLE 3: Statistical results of fracture types and numbers of GRY1 and GTD1.
Bedding fractures Tectonic fracture
Well Total
Number Percentage Number Percentage
GRY1 2392 94% 161
GTD1 1039 14% 6561
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FIGURE 15: (a) Statistical results of fracture type and development in Carboniferous shale (well GRY1); (b) statistical results of fracture type
and development in Devonian shale (well GTD1).
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FIGURE 16: (a) Typical SEM photos of organic pores in Carboniferous shales (well GRY1); (b) typical SEM photos of organic pores in
Devonian shales (well GTD1).
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FIGURE 17: SEM photos of surface porosity identification in the study area and Jiaoshiba area.
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FIGURE 18: Surface porosity of shale samples in the study area and Jiaoshiba area.

6. Conclusions

(1) According to the XRD results, the Devonian and
Carboniferous shales in the study area have similar
mineral characteristics, which are dominated by sili-
ceous minerals, ranging from 44.1% to 62.1% (aver-
age 48%), followed by clay minerals, ranging from
18.2% to 41.1% (average 31%), and carbonate min-
erals are the least, ranging from 0.5% to 40.3% (aver-
age 17%). Meanwhile, four lithofacies are developed
in the two sets of shale strata: mixed shale (M), car-
bonate/siliceous mixed shale (M-1), argillaceous/sili-
ceous mixed shale (M-2), and argillaceous-rich
siliceous shale (S-3)

(2) The pore types of Devonian and Carboniferous shale
samples in the study area mainly are organic pores,
inorganic pores, and microfractures. All three types
of pores are developed in Carboniferous shale, and
organic pores are mainly round oval, and a small
part is slit or strip. Inorganic pores and microfrac-
tures are mainly developed in Devonian shale; a
few developed organic pores show the characteristics
of collapse and closure. Meanwhile, there are also
obvious differences in pore structures between Car-
boniferous shale and Devonian shale. The average
total pore volume and specific surface area of Devo-
nian shale are 9.7x10cm’/g and 11.8m?/g,
respectively, which are 78.3% and 67.8% lower than
those of Carboniferous shale

(3) Thermal evolution (Ro) affected the pore develop-
ment of Devonian and Carboniferous shale. The Ro
of Carboniferous shale is about 2%, which is in the
stage where organic matter begins to produce a large
number of organic pores. The Ro of Devonian shale
is about 3.5%. Too high thermal evolution has a
strong destructive effect on the previously formed
organic pores, which is not conducive to the preser-
vation of organic pores

(4) Tectonic preservation conditions controlled the pore
development of Devonian and Carboniferous shale.

The Carboniferous shale (well GRY1) has better tec-
tonic preservation conditions and is conducive to the
preservation of organic pores. The Devonian shale
(well GTD1) is strongly affected by tectonic move-
ment, it is difficult to maintain formation pressure
under sealing conditions, and organic pores are
deformed or even closed under compaction
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