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Abstract: Marine—continental transitional shale has become a new field for shale gas exploration
and development in recent years. Its reservoir characteristics analysis lags significantly behind that
of marine shale, which restricts the theoretical research on the accumulation of marine—continental
transitional shale and the progress of exploration and development. The shale pore system is complex
and has strong heterogeneity, which restricts the fine evaluation and optimization of the reservoir.
Based on nitrogen adsorption—desorption experiments, the morphology and structural characteristics
of coal-bearing shale pores were analyzed, and then the micro-pore structure heterogeneity was
quantitatively characterized based on fractal theory and nitrogen adsorption—desorption data, and
the relationship between pore structure parameters and their influence on fractal characteristics were
discussed. The hysteresis loop of nitrogen desorption isotherm mainly belongs to type B, indicating
ink bottle, flat plate, and slit are the main pore shapes. The pore size distribution curves are left
unimodal or multimodal, with the main peak around 4 nm and 20-60 nm. Smaller pores develop
a larger specific surface area, resulting in a high value of fractal dimension (2.564 to 2.677). The
rougher the pore surface and the larger the specific surface area provide an adequate adsorption site
for shale gas adsorption and aggregation. Thus, fractal characteristics conduced to understand the
pore structure, heterogeneity, and gas-bearing property of coal-bearing shale.

Keywords: marine—continental transitional shale; pore structure; fractal characteristics; pore size
distribution; Longtan Formation; Sichuan Basin

1. Introduction

As one of the important unconventional resources, with several advantages, including
being clean, efficient, and pollution-free, shale gas resources have received worldwide
attention after the shale gas revolution in the United States [1-6]. In particular, significant
progress has recently been made in theoretical research and exploration practice of shale
gas in China [5,7,8]. Shale gas is mainly hosted on the surface of clay minerals and organic
matter (OMs) and partly as free gas, which generally exists in the pores and fractures of
shale [9-14]. Shale gas has self-generation and self-storage characteristics, while shale
characteristics, such as low porosity and permeability, complex pore structure, and strong
heterogeneity, greatly increase the difficulty of its exploitation [15-21]. Pore structure plays
a crucial role in the evaluation of natural gas reservoirs. Pore volume, size diameter, and
smoothness of pore surface influence the storage and seepage of reservoir [22-28]. As the
larger the pore volume and size diameter increases, the smoother the pore surface and the

Minerals 2024, 14, 588. https:/ /doi.org/10.3390/min14060588

https:/ /www.mdpi.com/journal /minerals


https://doi.org/10.3390/min14060588
https://doi.org/10.3390/min14060588
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0001-6670-2652
https://orcid.org/0000-0002-8643-594X
https://doi.org/10.3390/min14060588
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min14060588?type=check_update&version=2

Minerals 2024, 14, 588

20f17

better the reservoir and seepage properties of the pore network [29-33]. The investigation
of pore structure parameters plays a significant role in researching the occurrence state,
desorption—diffusion, and seepage effect of shale gas [34-39].

Shale pore structure not only affects the occurrence state of shale gas but also affects its
storage performance [22-26]. Although there are many research results on shale pores, the
research on the Longtan Formation shale of the marine—continental transitional phase lags
significantly behind that of marine shale and continental shale [21,33,36,39]. The exploration
and development of marine-terrestrial transitional shale is still in its initial stage. The
cumulative thickness of marine-continental transitional shale is large, but the lithological
phase changes rapidly, which creates complex shale gas accumulation conditions and
brings greater uncertainty to shale gas exploration [9,21]. The exploration and research
of marine—continental transitional shale gas in the Longtan Formation is currently in
its infancy, and the shale gas storage conditions and enrichment rules are still unclear,
which directly restricts the selection of favorable sweet spot intervals and exploration
and development deployment of shale gas. The analysis of pore characteristics and pore
heterogeneity characteristics of Longtan Formation shale gas reservoirs in southern Sichuan
could provide an important reference for the gas-bearing evaluation and exploration and
development of marine-continental transitional shale in the study area. Shale pores have
various shapes and uneven distribution, which poses a challenge for the quantitative
characterization of pore heterogeneity [40—46]. In order to quantitatively characterize
the complexity and heterogeneity of porous media, fractal geometry theory has been
proposed by predecessors [47-52]. The fractal dimension can quantitatively describe the
self-similarity of the fractal system and is a key indicator to quantitatively characterize
the heterogeneity and complexity of pore development, which is extremely important for
shale reservoir evaluation. Based on fractal theory, the fractal dimension (D) value of three-
dimensional European space ranges between 2 and 3 [51-53], and the fractal dimension
is meaningless beyond this range. Theoretical values of 2 and 3 reflect the absolutely
smooth, uniform, and extremely rough and complex structures, respectively [51-56]. In
addition, the box dimension (Dg) has finite stability, which is commonly suitable for fractal
characterization of 2D images with or without self-similar characteristics. The fractal
model is an important method for quantitatively characterizing the heterogeneity of the
shale reservoir pore structure. It provides a new idea for studying the pore structure and
adsorption—desorption mechanism of shale gas.

2. Geological Setting

The Sichuan Basin, situated in the upper Yangtze region within the western part of
the Yangtze Platform, is surrounded by a series of fold systems or orogenic belts [44,50,57].
Shaped like a northeast-southwest rhombus, the basin has undergone numerous tectonic
cycles from the Sinian era to the present, including the Caledonian, Hercynian, Indosinian,
Yanshan, and Himalayan cycles [44,50,57]. These cycles have resulted in the formation
of NE-SW trending slopes, synclines, anticlines, and other structural features within the
basin. The internal structure of the basin can be classified into three major divisions and six
secondary structural areas [44,50,57]. The research area primarily lies in the low-steep fold
belt of southern Sichuan, located in the southwest of the Sichuan Basin (Figure 1).
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Figure 1. (a) Location of the study area, (b) distribution of shale thickness, TOC and maturity in the
Longtan Formation from Sichuan basin (modified after [57-60]).

The Soochow Movement at the end of the Middle Permian caused most of the Sichuan
Basin to rise as a whole and expose it above the sea level. Affected by weathering and
erosion, the Kangdian Ancient Continent further uplifted and expanded, becoming the
Upper Permian of the Sichuan Basin—the main provenance area [44,50,57]. Due to the
influence of the Soochow Movement, the seawater retreated eastward, causing the western
area of the basin to rise into land, with high southwest and low northeast [44,50,57].
Therefore, the early sedimentation of the Late Permian showed an obvious trend from
west to east, with a phase change from land to sea. At the beginning of the Late Permian,
the sea level began to rise intermittently, and transgression advanced from east to west
and from northeast to southwest, and a set of Longtan Formation marine-continental
transitional coal-bearing strata was widely deposited in the central and southern Sichuan
areas (Figure 1).

The Upper Permian Longtan Formation (P3!) is rich in organic shale, which is widely
developed in the Sichuan Basin and is a high-quality transitional shale gas reservoir
between the sea and land. It can be divided from bottom to top into Section 1 (P3l;) to
Section 3 (P3l3) [57-60]. Among them, the P3l; section has a thickness of 25-55 m and
is mainly composed of sandstone and siltstone, containing coal seams. The thickness of
the P3l, section is 25-50 m, with sandstone as the main layer at the bottom and a thin
interlayer of mudstone and coal seam transitioning upwards [57-60]. A set of sandstone
has developed in the middle, and the upper lithology is mainly thick mudstone interbedded
with siltstone and coal seam [57-60]. The thickness of the coal seam is 1-3 m. The thickness
of the P3l3 section is 25-35 m, with sandstone developed at the bottom and mudstone
interbedded with coal seams in the middle and upper parts [57-60]. The coal is about 2 m
thick (Figure 2).
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Figure 2. Comprehensive stratigraphic column chart of the Longtan Formation of the Upper Permian
in the southern Sichuan Basin (modified after [57-60]).

3. Materials and Methods

3.1. Materials

Twelve marine—continental transitional drilling shale samples were collected from the
Longtan Formation in the Southern Sichuan Basin, with a depth of 2948.80-3180.32 m. After
the sample is collected, it is sealed with paraffin and sent to the laboratory for experiment.
Before mineralogical experiments and the N, adsorption—desorption experiments, all
samples were prepared as a powder with a particle size of <0.5 mm. Then these samples

were put into the oven and baked at 110 °C for 12 h to remove the moisture.
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3.2. TOC and Mineralogical Experiments

Using a Leco carbon/sulfur analyzer (Cornerstone)™, following the Chinese National
Standard GB/T 19145-2022, the TOC content of the Longtan shale samples was measured.
It is worth noting that before the experiment, the sample was crushed into powder with
a particle size of <150 mm and treated with hydrochloric acid to remove carbonates.
Afterwards, it was cleaned with distilled water to remove hydrochloric acid and then baked
at 110 °C in a muffle furnace for 12 h. The mineral content of the Longtan shale samples
was measured by a RIGAK-D/Mas 2500PC Powder X-ray diffractometer (Rigaku, Tokyo,
Japan) under the Chinese Oil and Gas Industry Standard SY/T 5163-2018. During this
experiment, the sample pretreatment process does not require acidification treatment.

3.3. SEM and N, Adsorption—Desorption Experiments

For the observation of types and morphological characteristics of the Longtan shale
pores, high-resolution field emission-scanning electron microscopy (FE-SEM) images were
obtained by a Quanta 200F (Thermo Fisher, Waltham, MA, USA) installed with an energy-
dispersive spectrometer (EDS). All experiments were performed following the Oil and
Natural Gas Industry Standard of the People’s Republic of China, SY/T 5162-2014.

Using a “Quantachrome-nova2000” Surface Area Analyzer (Annton Paar, Graz, Austria)
and Pore Size Analyzer, Ny adsorption—desorption experiments were conducted under
low-pressure (0-101.3 kPa), with the relative pressure (P/Py) ranging from 0.01 to 0.995,
under the Chinese National Standard GB/T19587-2017. The automatic balance detection
algorithm was used in the analysis process, for determining the equilibrium between the
adsorbed phase and the non-adsorbed phase is reached before the isotherm data collection.

3.4. Fractal Dimension Calculation

Fractal dimension D, is the key indicator for measuring the heterogeneity of shale
reservoirs and can be calculated by various methods, including the particle size method,
the fractal Brunauer—-Emmett-Teller (BET) method, the fractal Frenkel-Halsey-Hill (FHH)
model, and the thermodynamic method [60-66]. In these methods, based on the data
from the N, adsorption experiments and the FHH model, the fractal dimension of the
marine-continental transitional Longtan shales was calculated using the following equa-
tions [65,66]:

In(V/Vy) = A In(In(Py/ P)) + constant (1)

D=A+3 )

where V and V) are the N, adsorbed volume at the equilibrium pressure and the monolayer
coverage volume, respectively; Py is the saturation pressure, and A is the slope of In(V)
versus In [In(Py/P)]. D is the fractal dimension.

4. Results
4.1. TOC and Mineralogy

According to the statistics of 12 core samples from 3 drilling wells in the research
area, the TOC content of shale in the Longtan Formation ranged from 2.2% to 7.98%,
with an average of 5.13%. Among them, samples with a TOC content > 4% accounted
for 75%. The shale of the Longtan Formation was rich in clay minerals, ranging from
44.4 wt.% to 67.7 wt.% (mean of 56.9 wt.%), followed by brittle minerals such as quartz
(17.5 wt.% to 30.1 wt.%, average of 22.6 wt.%). The carbonate content was relatively low, with
calcite and dolomite content ranging from 0.08 wt.% to 5.4 wt.% (mean of 3.32 wt.%) and
2.48 wt.% to 6.87 wt.% (mean of 3.94 wt.%). In addition, it also contained a small amount
of pyrite and feldspar, with the content of 1.11 wt.% to 6.20 wt.% (mean of 3.03 wt.%)
and 2.63 wt.% to 9.60 wt.% (mean of 6.11 wt.%), respectively. The main clay minerals
were an illite and illite-smectite mixed layer, followed by kaolinite and chlorite. Overall,
there is a significant difference in mineral composition between the Longtan Formation
shale in the southern Sichuan region and the North American shales [67-70]. The shale
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samples have a higher clay mineral content, while the brittle mineral content is relatively
low. Using the content of clay minerals, carbonate minerals (calcite + dolomite), and
silicate minerals (quartz + feldspar) as the three terminal elements for mineral composition
lithofacies classification. Dividing the shale facies by 5%, 25%, 50%, and 75%, all samples in
this study belong to argillaceous shale.

4.2. Pore Shapes Based on SEM and N, Adsorption—Desorption Isotherms

Fine observation of natural cross-sections of shale samples based on FE-SEM images,
and pore types and shapes of coal-bearing marine—continental transitional shales from
the Longtan Formation in the South Sichuan Basin were analyzed. The images show that
Longtan shale develops various types of micropores, with pore morphology often exhibiting
irregular, angular, elliptical, and narrow slit shapes. It is commonly found in inorganic
pores of clay mineral matrices (Figure 3). Compared with the Longmaxi Formation shale
in southern Sichuan [33,36] and the marine shale in North America [24-29], the Longtan
Formation shale has a significantly lower number of organic matter pores, while the
intergranular pores of clay minerals are more developed. The pore size of intergranular
pores in clay mineral layers is usually less than 500 nm, and this type of pore morphology is
relatively irregular, with significant changes in pore size, ranging from tens of nanometers
to several micrometers (Figure 3a,b,d). The shape is commonly narrow slit-shaped due
to the influence of compaction. OM pores develop inside organic matter clumps, usually
in the shape of pits, ellipses, honeycombs, crescents, and irregular shapes, with smooth
edges and clear boundaries, ranging in size from a few nanometers to several hundred
nanometers (Figure 3a,b,d). The main genesis of OM pores is the generation and expulsion
of hydrocarbons during the thermal evolution of OMs, and their development is directly
controlled by the abundance and maturity of OMs, closely related to the formation and
occurrence of shale gas [21,34,35]. The micropores of OM in the shale of the Longtan
Formation are mostly developed in samples with relatively high OM abundance, especially
in samples with high OM and clay content (Table 1, Figure 3). Microcracks are also
developed in the shale of the Longtan Formation, but they are generally fewer than those
in marine shale reservoirs. Cracks are usually formed between OM and clay minerals due
to the contraction effect of the thermal evolution process of OM. During the diagenesis
process, cracks formed by the contraction effect of clay minerals in the matrix are also more
common. These cracks usually have serrated edges, often in the form of broken lines, long
strips, and linear shapes, with a width generally not exceeding 500 nm and a maximum
length of several millimeters (Figure 3d,f).

Table 1. TOC and mineral composition (wt.%) of the Longtan shales in the Southern Sichuan Basin.

Sa;l]l)ple Depth/m Sed;l;f:stary TOC/% Clay Quartz  Orthoclase  Anorthose Calcite  Dolomite Pyrite  Others
YJ1-3 3026.56 Tidal flat 6.60 62.07 20.55 1.76 2.60 4.50 3.82 1.58 3.13
YJ1-4 3029.85 Tidal flat 6.36 59.70 21.84 2.64 4.34 4.50 3.24 1.11 2.64
YJ1-5 3034.60 Lagoon 7.14 67.00 17.88 1.76 1.73 4.50 3.15 2.31 1.67
YJ1-6 3049.99 Lagoon 6.11 61.02 21.12 1.76 2.60 5.39 4.20 1.92 1.99
LJj1-1 3164.87 Lagoon 5.50 64.54 19.22 1.76 1.73 4.50 3.82 1.57 2.87
Lj1-4 3175.16 Lagoon 7.98 67.70 17.50 1.76 0.87 2.70 4.77 2.11 2.59
LJ1-8 3179.30 Lagoon 3.77 4931 26.74 3.52 2.60 5.39 2.67 4.57 5.19
LJ1-10 3180.32 Lagoon 4.82 55.91 23.89 4.40 5.20 1.80 3.15 3.43 2.22
ZG1-2 2948.80 Tidal flat 2.20 44.38 30.14 6.15 2.60 2.90 2.48 5.86 5.49
ZG1-4 2949.20 Lagoon 4.54 47.82 23.22 3.52 1.73 0.90 5.82 4.30 12.70
7G1-9 2952.50 Lagoon 2.39 47.90 25.34 6.15 2.60 0.08 6.87 6.20 4.85

ZG1-11 2974.70 Lagoon 4.12 55.40 24.17 4.40 5.20 2.70 3.24 1.43 3.46
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Figure 3. SEM images of coal-bearing marine—continental transitional shales from the Longtan
Formation in the South Sichuan Basin. (a) 3049.99 m, interpartile pores of clay minerals; (b) YJ1-
5, 3034.60 m OM pores; (c) LJ1-4, 3175.16 m, OM pores; (d) LJ1-8, 3179.30 m, grain-rims fracture;
(e) ZG1-9, 2952.50 m, OM pores; (f) ZG1-2, 2948.80 m, clay mineral shrinkage fractures.

As shown in the low-pressure N, adsorption and desorption isotherm curves of
Figure 4, both mesopore and macropore developed within shale samples. These results
show that the adsorption isotherm of each sample coincides with the desorption branch,
as the relative pressure is <0.45. At this stage, nitrogen molecules can first adsorb in
a single layer on the inner wall of the medium. However, when the relative pressure
exceeds 0.45, the adsorption branch of the isotherm will be inconsistent with the desorption
branch, and the hysteresis loop will appear. This process belongs to the stage of multilayer
coverage, and this phenomenon may reflect that the pore size of shale samples has strong
heterogeneity. The International Union of Pure and Applied Chemistry (IUPAC) classified
four types of gas isothermal adsorption [71,72]. The isotherm shapes of the Longtan shale
samples are Type IV, showing that pores of different scales are relatively developed with
good connectivity [73].

By recognizing the shape of the hysteresis loop, the pore morphology can be indirectly
characterized [73]. Two groups (group A (Figure 4a—f) and group B (Figure 4g-1)) were
divided based on the data from N; adsorption—desorption experiments. In group A, the
hysteresis phenomenon occured at a high relative pressure (greater than 0.45) for adsorption
and desorption isotherms (Figure 4a—f), classified as type Hy. This type of curve reflects
pores with narrow necks and wide bodies (known as ink bottle-shaped pores). Compared
with this type of pore, another type of pore has a relatively small N, adsorption capacity at
a higher relative pressure (greater than 0.45) (Figure 4g-1), mainly belonging to the B-type
pore shown in Figure 4, closely related to the slit type pore. Shales that develop these
types of pores typically have a high content of clay minerals, which is due to the narrow
slit-shaped pores formed by clay minerals.
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Figure 4. (a-1) Low pressure N, adsorption-desorption isotherms of the Longtan shales from the
southern Sichuan Basin.

4.3. Pore Structure Parameters

The results of pore structure parameters are presented in Table 2. Based on the total
pore volume estimated from the N single point adsorption total pore volume at a relative
pressure of 0.99, using the Barret-Joyner-Halenda (BJH) method [65], ranged from 0.019
to 0.028 cm?®/g (mean of 0.024 cm3/g). The specific surface area calculated by the BET
method [64] varied from 4.918 m?/g to 13.228 m? /g (mean of 8.727 m?/g). The average
pore size of Longtan shales ranged from 3.23 to 6.86 nm (mean of 4.37 nm). The average
pore size diameter of the Longtan shales ranged from 58.85 to 110.89 nm, with an average
value of 80.02 nm.

Table 2. Pore structure parameters of shale samples from N, adsorption—desorption isotherms.

Total Pore Specific Average Pore Total Pore Specific Average Pore

Sample ID Volume Surface Area  Diameter Sample ID Volume Surface Area  Diameter
(cm3/g) (m?/g) (nm) (cm®/g) (m?/g) (nm)

YJ1-3 0.028 10.32 74.06 LJ1-8 0.020 7.42 81.88

YJ1-4 0.021 7.36 55.95 LJ1-10 0.024 7.08 97.86

YJ1-5 0.026 11.71 56.78 ZG1-2 0.019 5.02 113.11

YJ1-6 0.027 9.63 67.01 ZGl1-4 0.026 7.94 97.74

LJ1-1 0.026 10.23 64.44 ZG1-9 0.019 6.47 103.88

Lj1-4 0.027 12.87 57.26 ZG1-11 0.022 8.02 88.22
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4.4. Pore Size Distribution

The nitrogen adsorption method is a relatively mature and widely used method to
determine the pore size distribution [74,75]. It is an extension of the nitrogen adsorption
method to determine the BET specific surface. It uses the capillary condensation phe-
nomenon and the principle of volume equivalent exchange. The amount of liquid nitrogen
filled is equivalent to the volume of the hole. Capillary condensation refers to the phe-
nomenon that, at a certain temperature, the vapor has not yet reached saturation for the
horizontal liquid surface, but the concave liquid surface in the capillary tube may have
reached a saturated or supersaturated state, and the vapor will condense into liquid [55,56].

The differential curve of pore volume distribution relative to pore size can be used to
represent pore size distribution [74,75]. The pore size distribution curve can reflect the de-
velopment degree of pores at different scales [55,56]. The gas adsorption-desorption curve
has a high advantage in calculating the pore size distribution and is not easily affected by
the tensile strength effect [75-77]. Based on the BJH method, the pore volume distributions
of shale samples are shown in Figure 5. It is observed clearly that the Longtan shales
have a wide pore diameter distribution, and the curves present unimodal or multimodal
distributions, with the major peak around 4 nm and 20-60 nm.
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Figure 5. (a-1) Pore volume distribution with pore size of the Longtan shales from the southern
Sichuan Basin obtained from the adsorption branch of isotherms using the BJH method.

4.5. Fractal Dimensions

In the isotherm of the low-temperature nitrogen adsorption—desorption isotherm of
shale, the hysteresis loop is obvious. According to the fractal FHH model, the plots of
In(V) vs In(In(pg /p)) from the N, adsorption data are shown in Figure 6, and all FHH plots
have very high degrees of fit, with the coefficients of 0.9805-0.9988. This indicates that the
shale pores have good fractal properties. The fractal dimension D of the shale samples
were calculated from the slope of the fractal fitting line, and the fractal dimension results
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are listed in Table 3. The fractal dimension value ranged from 2.5641 to 2.6768, with an
average value of 2.6167, indicating that the pore structure in the shale samples is very
complex. The fractal dimension D in group A (Figure 6a—f) was greater than those in group
B (Figure 6g-1), ranging from 2.682 to 2.677 (mean of 2.645) and 2.564 to 2.632 (mean of
2.585). The results show that the pore structure of the shale samples in group A is more
complicated. The hysteretic loop shape of the shale samples in group A can be considered
as type Hp, mainly appearing as ink bottle-shaped pores, which make the gas adsorption,
diffusion, and seepage in the shale more difficult. The phenomenon is possibly because the
depth of the shale samples in group B is deeper than group A; thus, the samples in group B
suffer strong geological stress and, consequently, this enhances the uniformity of the pore
structure in shale.
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Figure 6. (a-1) Plots of In(V) vs In(In(Py/P)) reconstructed from the adsorption branch of the N,
adsorption—desorption isotherms of the Longtan shale samples.

Table 3. Fractal dimensions derived from fractal FHH model based on N, adsorption—-desorption data.

Sample ID Fractal Fitting Equation D R? Sample ID Fractal Fitting Equation D R?

YJ1-3 y = —0.3421x + 1.1987 2.6579 0.9882 LJ1-8 y = —0.4300x + 1.0673 2.5700 0.9946
YJ1-4 y = —0.3811x + 1.0757 2.6189 0.9805 LJ1-10 y = —0.3681x + 0.8930 2.6319 0.9988
YJ1-5 y = —0.3232x + 1.4537 2.6768 0.9811 ZG1-2 y = —0.4311x + 0.5666 2.5689 0.9987
YJ1-6 y = —0.3767x + 1.1639 2.6233 0.9822 ZG1-4 y = —0.4018x +0.9234 2.5982 0.9946
LJ1-1 y = —0.3587x + 1.2238 2.6413 0.9826 ZG1-9 y = —0.4359x + 0.8632 2.5641 0.9976
LJ1-4 y = —0.3292x + 1.5197 2.6708 0.9803 ZG1-11 y = —0.4214x + 1.0898 2.5786 0.9944

5. Discussion
5.1. The Coupling Mechanism between Pore Structure Parameters

As shown in Figure 5, the relationships among total pore volume, BET surface area,
and average pore diameter were obvious. Consistent with the results obtained from North
America and South China shales, there is a significant positive correlation between the total
pore volume and BET surface area, with a correlation coefficient R? of 0.872 (Figure 7a).
However, the total pore volumes of samples show a significant negative relationship with
the average pore diameters, which is in agreement with previous studies [55,56,74,75].
Additionally, a strong negative relationship between average pore size and total pore
volume can be found in Figure 7c. The results demonstrate that the smaller the average
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pore diameter, the larger the total pore diameter and specific surface area in the shales.
Shales with much more clay minerals have a larger total pore volume and specific surface
area, whereas quartz-rich samples have the opposite trend (Tables 1 and 2). Marine shale is
rich in biogenic quartz (>30 wt.%), high OM thermal maturity (Ro > 1.2%), and abundant
OM pores [55,56,78]. Compared with those marine shales, however, the studied shale
samples are rich in clay minerals and have low OM thermal maturity of OM, mainly
including interlaminar and intergranular pores and a small number of OM pores.
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Figure 7. Relationships between the fractal dimension and total pore volume (a), specific surface area
(b), and average pore size (c).

5.2. The Influence of Heterogeneity on Pore Structure

In order to investigate the relationship between fractal dimension and pore volume,
specific surface area, and average pore diameter, the fitting curves of fractal dimension
versus the above parameters are drawn and illustrated in Figure 6. The pore volume
and fractal dimension have a significant linear positive correlation, with a correlation
coefficient R? of 0.808 (Figure 6a), which demonstrates that the fractal dimension increases
with the increase of pore volume in the shale. Shale properties are mainly measured in
terms of gas adsorption on the surface of the shale pores, while the fractal dimension can
comprehensively reflect the irregular and complex degree of the shale pore surface. Thus,
the fractal dimension of the pore structure has a certain representation of the gas adsorption
capacity in shale. As presented in Figure 8b, the fractal dimension shows a positive linear
correlation with the specific surface area. These results show that for shale pores of a
certain size, the more the micropore volume in shale, the more complex the pore structure
and the pore surface is rougher, and the fractal dimension of shale is greater. In addition,
the average pore diameter has a strong negative correlation with the fractal dimension
(Figure 8c, R? = 0.725). The results show that the smaller the average pore diameter of
shale, the more small pores in shale, the more complex the pore structure and the rougher
the pore surface, and the larger the specific surface area, thus resulting in the larger the
fractal dimension.
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5.3. Compositional Controls on Pore Structure

The abundance of OM in shale is positively correlated with pore volume (Figure 9a)
and pore-specific surface area (Figure 10a), with fitting coefficients of 0.926 and 0.746, respec-
tively. Typically, micropores in shale reservoirs have a larger specific surface area [22,57,62].
These results show that there are a large number of micropores developed in OM, most of
which are micropores with a larger specific surface area, which can provide more adsorp-
tion sites for shale gas adsorption and facilitate the occurrence of shale gas. Due to the low
content of brittle minerals in the Longtan shales, the pore type does not dominate the pore
system, and its pore size is relatively large, resulting in a relatively low pore-specific surface
area. Therefore, as the quartz content increases, the pore volume and specific surface area
decrease significantly, with a fitting coefficient of 0.900 and 0.789, (Figures 9b and 10b). The
shale samples of the Longtan Formation are rich in clay minerals. Due to their small particle
size and complex spatial stacking, clay minerals have a larger specific surface area. Thus,
the higher the content, the higher the porosity, and the larger the pore-specific surface area
(Figures 9c and 10c). Therefore, the pore sizes and types developed by different components
are different, and the diversity of shale matrix components increases the complexity of
pore structures.
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Figure 10. Relationships between pore surface area and TOC (a), quartz contents (b), and clay
minerals contents (c).

Clay minerals generally have two effects on the physical properties of shale reservoirs:
@ a higher content of clay minerals provides a material basis for the formation of clay
mineral-related pores (Figure 3); @ due to the plastic mechanical properties of clay minerals
themselves, their contribution to the compaction resistance of reservoirs is weak, making
existing pores more susceptible to damage during the diagenesis process, and resulting
in a predominantly narrow slit type pore morphology (Figure 3). Due to the dominant
position of clay mineral-related pores in the pore system of the Longtan shales in the
research area, the large number of clay mineral-related pores brought by high clay mineral
content makes up for the reduced compaction resistance of the reservoir. Therefore, the
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content of clay minerals is positively correlated with porosity, pore volume, and specific
surface area (Figures 7 and 9c). Meanwhile, the control effect of clay minerals on pore
volume and specific surface area is more significant, indicating that numerous nano-scale
clay mineral-related pores can provide more adsorption space and specific surface area for
shale gas storage.

Generally speaking, skeleton minerals in shale can effectively bear the pressure during
diagenesis. However, the content of skeleton minerals in this article is negatively correlated
with porosity, pore volume, and specific surface area (Figure 9b). This is mainly because the
contribution of clay mineral-related pores to pores in the shale of the study area is much
greater than that of skeleton mineral-related pores. A high content of skeleton minerals
often means a low content of clay minerals. Therefore, the content of skeleton minerals is
mainly negatively correlated with the physical properties of shale.

5.4. Compositional Controls on Heterogeneity

As shown in Figure 11a, there is a good positive correlation between the TOC content
and fractal dimension of the Longtan Formation shale, with an R? of 0.844. As the TOC
content increases, the fractal dimension of shale also increases, which is mainly related
to the development of numerous micropores in the OM of shale. Previous studies on the
Longmaxi Formation shale in the Sichuan Basin, the Nenjiang Formation coal-bearing shale
in the Fuxin Basin, and the Early Cretaceous and Jurassic shale in the Western Canadian
Basin have shown that larger-sized pores are mainly developed in shale clay minerals,
while micropores and mesopores are mainly developed in OM [12,17,18]. A large number of
micropores are developed in OM, and the larger the specific surface area of micropores, the
higher the OM content of the shale and the more developed the micropores are. Considering
the significant positive correlation between shale pore volume, specific surface area, and
organic carbon content (Figures 9a and 10a), as the organic carbon content increases, the
shale’s hydrocarbon generation ability increases, and the number of OM pores increases.
There are more micropores in the OM pores, indicating a positive correlation between
organic carbon content and the degree of micropore development, resulting in an increase
in the specific surface area and pore volume of micropores. As the organic carbon content
increases, the number of OM pores increases, resulting in an increase in the number of
derived micropores, which contribute significantly to the specific surface area and pore
volume of shale. From the physical meaning of the fractal dimension, it can be seen that
the fractal dimension is a measure of pore roughness. The smaller the pores are, the more
complex the pore structure is, the larger the fractal dimension of shale, and the enhanced
adsorption capacity of shale, which is more conducive to the storage of natural gas.
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Figure 11. Relationships between fractal dimension and TOC (a), quartz contents (b), and clay
minerals contents (c).

Figure 11b,c show the correlation between the quartz content, clay mineral content, and
fractal dimension of the Longtan Formation shale, respectively. The fractal dimension of
shale shows a good positive correlation with quartz content but a weak negative correlation
with clay mineral content. The increase in clay mineral content in shale leads to an increase
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in the number of micropores, which greatly contributes to the surface area and pore
volume of shale, resulting in a complex pore structure and an increase in the fractal
dimension of shale. The abundance of OMs and the content of clay minerals are the main
factors affecting the fractal dimension of shale pores. OM pores and clay mineral particle
pores are the two most important types of pores in the Longtan Formation shales, which
have the greatest impact on the shale pore structural complexity. The type of OM in
the Longtan Formation shale is mainly of type III kerogen [50], with strong hydrocarbon
generation ability; thus, the higher the TOC would result in more OM pores (Figure 3) and
the pore morphology and distribution become more uneven, resulting in an increase in
fractal dimension (Figure 11). The Longtan Formation shales have diverse types of clay
minerals (Figure 3), and there are differences in the development of micropore types and
structures among different clay mineral particles, resulting in complex and diverse pore
morphology within the clay mineral layer, including sheet-like, wedge-shaped, slit-shaped,
and irregular shapes. Therefore, the higher the content of clay minerals, the more complex
the morphology of pores will be, which enhances the heterogeneity of pores and increases
the fractal dimension.

6. Conclusions

In this work, pore structure and heterogeneity characteristics of coal-bearing marine—
continental transitional shales from the Longtan Formation in the South Sichuan Basin
were investigated using TOC and mineralogical experiments, N, adsorption-desorption
experiments, and fractal dimension calculation. Pore structure parameters characteris-
tics, relationships between heterogeneity and pore structure, compositional controls on
pore structure, and compositional controls on heterogeneity were discussed. The main
conclusions are as follows:

(1) The coal-bearing shale samples have complex pore structures and diverse pore
types with good openness. The pore types of shale samples are mainly composed of
plate-like pores, fissure pores, and ink bottle-like pores. The pore size diameter of shale
samples is widely distributed, and the curves generally show a single peak or multiple
peak distribution, with the main peak around 4 nm and 20-60 nm.

(2) The linear fitting relation between total pore volume and specific surface area
is good, but the average pore size is negatively correlated with total pore volume and
specific surface area. The fractal dimension (2.564-2.677) shows strong heterogeneity
and complexity of pore structure in coal-bearing shales. The fractal dimension has a
positive relationship with the total volume and the pore-specific surface but has a negative
correlation with the average pore size.

(3) The fractal dimension is positively correlated with organic matter and clay mineral
content and negatively correlated with brittle mineral content. The smaller the average
pore diameter, the more small pores develop in OMs and clays of shale samples with a
larger specific surface area, a more complex pore structure, and rough pore surface, thus
resulting in a larger fractal dimension.
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