2 ™ processes

Article

Pore Structure and Fractal Characteristics of
Marine—Continental Transitional Black Shales: A Case Study of
the Permian Shanxi Formation in the Eastern Margin of the

Ordos Basin

Daxing Wang !, Zhitao Xie 2, Haiyan Hu !, Tao Wang 3** and Ze Deng **

check for
updates

Citation: Wang, D.; Xie, Z.; Hu, H,;
Wang, T.; Deng, Z. Pore Structure and
Fractal Characteristics of
Marine-Continental Transitional
Black Shales: A Case Study of the
Permian Shanxi Formation in the
Eastern Margin of the Ordos Basin.
Processes 2023, 11, 1424. https://
doi.org/10.3390/pr11051424

Academic Editors: Yang Wang and
Wenyang Shi

Received: 8 April 2023
Revised: 26 April 2023
Accepted: 6 May 2023
Published: 8 May 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Resource and Environment, Yangtze University, Wuhan 430100, China;
2021720593@yangtzeu.edu.cn (D.W.)

Dongsheng Company of China Petrochemical Shengli Oilfield, Dongying 257100, China
School of Geosciences, Yangtze University, Wuhan 430100, China

W N

PetroChina Research Institute of Petroleum Exploration & Development, Beijing 100083, China
*  Correspondence: 202073027@yangtzeu.edu.cn (T.W.); dengze@petrochina.com.cn (Z.D.)

Abstract: To study the microscopic pore characteristics of marine—continental transitional shale,
we studied the Daning-Jixian block of the Shanxi Formation using low-pressure CO, adsorption
(LP-CO,A) and low-temperature N adsorption (LT-N A) methods in conjunction with field emission
scanning electron microscopy (FE-SEM), geochemistry, and mineral composition analysis in order to
obtain pore structure characteristic parameters. The fractal dimension of the pores was calculated
using the Frankel-Halsey-Hill (FHH) model, and the study also discusses the factors that influence
the pore structure. The study found that the marine—continental transitional phase shale of the Shanxi
Formation has clay mineral contents ranging from 36.24% to 65.21%. The total organic carbon (TOC)
contents range from 0.64% to 9.70%. Additionally, the organic matter maturity is high. The FE-SEM
and gas adsorption experiments revealed that the transitional shale of the Shanxi Formation possesses
a diverse range of pore types with relatively large pore sizes. The dominant pore types are organic
and intragranular pores, with pore morphologies predominantly appearing as slit and parallel plate
structures. According to the experimental data on gas adsorption, the total SSA values range from
11.126 to 47.220 m? /g. The total PV values range from 0.014 to 0.056 cm3/g. Micropores make up
a greater proportion of the total SSA, whereas mesoporous pores make up a greater proportion of
the total PV. The distribution of shale pore fractal dimensions Dy and D, (D; is 2.470 to 2.557; D, is
2.531 to 2.755), obtained through LT-NjA data, is relatively concentrated. D1 and D2 have a positive
correlation with the TOC content, clay mineral content, and BET-SSA, and D; and D, have a negative
correlation with the quartz content. D; is positively correlated with the Langmuir volume, showing
that D, can be used to evaluate the methane adsorption capacity.

Keywords: marine—continental transitional shale; fractal characteristics; micropore structure; Shanxi
Formation; Ordos Basin

1. Introduction

Since 2000, the shale gas industry has experienced rapid development on a global
scale [1]. China has achieved successful commercialization of marine shale gas exploration
and development in the Sichuan Basin and its surrounding regions [2]. Several shale gas
fields, including Fuling, Changning, and Weiyuan, have been discovered to date, with
shale gas production in China expected to reach almost 240 x 10® m3 by 2022 [3]. Marine-
continental transitional shale is widely distributed across a large geographic region in
China, and its recoverable resources make up approximately 18% of the country’s total
recoverable shale gas resources [2,3]. Marine—continental transitional shale is widely
distributed and covers a large area. Recoverable resources account for 18% of the total
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recoverable resources of shale gas in China, and it is an important replacement field for
future shale gas exploration [4]. Shale is a heterogeneous porous material with a complex
pore structure that includes a range of pore types, a broad range in pore size, and a
continuous distribution of microscopic pores that are between nanometres and microns in
size and are linked to macroscopic pores [5,6]. The size, shape, and structure of the pores in
shales influence how rough they are, which, in turn, impacts how gas is produced in the
mud shale and how it is adsorbed and desorbed [7]. Studying pore structure characteristics
is helpful for exploring the adsorption characteristics and occurrence mode of gas in shale,
and it is also a crucial part of shale reservoir evaluation [8].

The main objective of shale gas assessment is the precise characterization of the shale
pore structure [9]. Several studies on the geographical characterization of shale reservoirs
have been conducted by forerunners, and the primary technological tools employed in
these studies include image analysis, the fluid intrusion technique, and the radiation
detection method [10,11]. Imaging techniques utilized in image analysis include optical
microscope (OM) observation, scanning electron microscope (SEM) analysis, helium ion
microscope (HIM) analysis, atomic force microscope (AFM) analysis, transmission electron
microscope (TEM) analysis, etc. These techniques are mostly used to observe the types
and shapes of shale pores, as well as their connectivity and distribution [11-15]. Fluid
intrusion techniques mainly include adsorption techniques (LT-NA, LP-CO,A) and the
high-pressure mercury injection (HPMI) method, which can quantitatively characterize
the pore size distribution (PSD), specific surface area (SSA), pore volume (PV), and pore
structure of shale [15-18]. The spatial distribution characteristics of the porosity and
mineral composition inside shales are often obtained using small-angle neutron scattering
(SANS), computed tomography (CT), nuclear magnetic resonance (NMR), small-angle
X-ray scattering (SAXS), and other radiation detection methods. As a result of using these
methods, qualitative descriptions of shale pore genesis, connectivity, and pore density may
be compiled [19-23]. The measurements of the pore complexity and inhomogeneity of shale
reservoirs is also performed using fractal theory as a method and approach [24]. Fractal
theory, however, is mostly employed in conjunction with the pore measurement techniques
stated above, and it cannot be used as a standalone pore characterization technique; rather,
it is an addition to pore research techniques [25].

Fractal dimension calculation methods mainly include the particle size method, the
FHH model method, the BET model method, and the thermodynamic method, and its value,
D, is usually used to evaluate the roughness and complexity of shale pore surfaces and struc-
tures [25,26]. The fractal dimension is between two and three, and the larger the D value is,
the stronger the roughness and complexity of the pore surface [26,27]. Previous studies on
shale pore space have primarily focused on marine shales, as China is currently exploring
and developing mainly for southern marine organic-rich shales [28]. Clarkson et al. (2013)
conducted a comprehensive study on the pore structure characteristics of typical shale gas
reservoirs in North America, and the study utilized LT-Ny, A, HPMI, and SANS to obtain
information on pore geometry characteristics, pore size distribution, pore connectivity,
and other relevant data [29]. Chen et al. (2012), Tian et al. (2012), Wang et al. (2015), and
Yang et al. (2016) studied the pore structure characteristics of the black organic-rich shales
of the marine Niutitang Formation, Wufeng-Longmaxi Formation, transitional Dalong
Formation, and lacustrine Shahejie Formation in South China by using LT-N,A, LP-CO,A
and HPMI, and they found that these shales developed abundant nanoscale pores, with
pore sizes mainly ranging from 2 nm to 50 nm. The SSA is positively correlated with
micropores, while the PV is mainly provided by mesopores. The fractal dimension of
the shale is calculated by the FHH model. The results show that the black organic-rich
shale of the Niutitang Formation and Wufeng-Longmaxi Formation has surface fractal
characteristics, indicating that the PV and pore surface heterogeneity are strong, which is
conducive to the adsorption of a large amount of gas [30-33]. Zhang et al. (2018) studied
the pore fractal characteristics of the Longtan Formation shale in northwest Guizhou and
concluded that the pore heterogeneity and fractal dimension of the marine—continental
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transitional shale are generally large. When D is greater than 2.8, the gas adsorption capac-
ity is strong [34]. Huang et al. (2020) concluded that the organic matter and clay mineral
contents are the main factors affecting the pore structure of marine—continental transitional
shale by comparing the pore difference between marine—continental transitional shale
and marine shale in Guizhou [35]. Previous research on shales in the transitional phase
between marine and continental environments has been limited, particularly in terms of
quantitatively characterizing the pore structure complexity and influential factors.

The Permian Shanxi Formation in the eastern margin of the Ordos Basin contains a
set of shales that transition between marine and continental depositional environments,
and, thus, it has good prospects for exploration and development [36]. However, there
are relatively few studies on the pore structure characteristics and factors influencing
transitional shales in the Shanxi Formation in the eastern margin of the Ordos Basin. This
study uses the marine—continental transitional black shale of the Shanxi Formation in the
Ordos Basin as its primary research subject. Using LT-N>A and LP-CO,A experiments, as
well as FE-SEM, XRD, and associated geochemical experiments, the pore structure of the
transitional shales of the Shanxi Formation is described qualitatively and quantitatively, and
the fractal dimension of shales is calculated by using the FHH model. This paper focuses
on the relationship between the pore structure parameters and fractal dimension; the
relationship between the pore structure parameters and TOC and shale mineral components;
and the relationship between the TOC, shale mineral components, and shale adsorption
capacity and fractal dimension in order to provide references for the optimization of
favourable areas and resource potential evaluation of transitional shale reservoirs in the
study area, which has important theoretical and practical value.

2. Geological Setting

The research area’s Ordos Basin, which has an area of over 25 x 10* km?, is situated
on the North China platform and has abundant coal, 0il, and gas resources. It is a large
multicycle cratonic basin formed by the superposition of a Palaeozoic platform, platform
margin depression, and Meso-Cenozoic intraplatform depression [36,37]. Located on the
southeast margin of the Yishan Slope of the Ordos Basin, the study area is part of the
Jinxi flexural belt, which consists of one depression, two slope belts and one anticlinal belt
(Figure 1a) [38]. Due to multistage epigenetic transgression, the Daning—Jixian block overall
is a transitional environment between marine and continental environments, and shale
resulting from the transition between marine and continental environments is present [39].
The Shanxi Formation in the study area consists of two submembers, the Shan; member and
Shany; member. The Shan; member mainly has grey sandstone and dark grey mudstone,
and the coal seam is developed locally. On the other hand, the second member of the
Shan Formation contains dark shale, grey sandstone, and a local coal seam [37]. From
the bottom up, Shan, can be divided into Shan,3, Shan,2, and Shan,! (Figure 1b). The
thickness of the Shan, shale monolayer is larger than that of the Shan1 shale monolayer,
which is characterized by a stable transverse distribution, good sedimentary continuity,
few thin intercalations, etc. It is the primary horizon for shale gas production in the
marine—continental transitional deposit [39,40].
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Figure 1. (a) Location of study areas of the sedimentary facies [38]; (b) stratigraphy of the Shanxi Formation.

3. Samples and Methods
3.1. Samples

All of the samples for this research came from drill cores of the Permian Shanxi
Formation’s marine—continental transitional shale on the eastern edge of the Ordos Basin.
Vertically, the shale samples are scattered in Shany® (Figure 1b). The lithology is mainly
black organic-rich shale, which is distributed at depths of 2120~2170 m.

3.2. Organic Petrography and Mineralogy

The TOC contents in 12 samples were determined by a LECO CS-230 carbon-sulfur
analyser produced by Leco Co., LTD (St. Joseph, USA). Before the experiment began, the
samples were crushed in an agate mortar to more than 200 mesh, dried at 80 °C for 8 h,
soaked in sufficient hydrochloric acid for 24 h, and then rinsed with distilled water until
completely neutral. The neutral samples were dried by being heated at a low temperature.
The GB/T 19145-2003 standard was strictly implemented.

Vitrinite reflectance is often assessed using the optical approach, which is carried
out by microscopic examination of the kerogen and examination of the reflectance of the
particles by a photomultiplier. The SY /T 5124-2012 standard was strictly implemented.

By using XRD, the whole-rock mineral content and composition were identified. The
experimental instrument was a multifunctional XRD produced by Bruker, Germany, model
D8 ADVANCE. The test instrument used a Cu target. Before the experiment, an agate
grinder was used to grind the shale samples after low-temperature drying and sieving
through 200 mesh, and the sample mass was adjusted to be more than 0.5 g. The test was
carried out at room temperature. The voltage and current of the instrument were set to
40 kV and 5 mA, respectively, during the experiment. The SY /T 5163-2018 standard was
strictly implemented.
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3.3. FE-SEM

The FE-SEM employed in this argon ion polishing experiment was a Zeiss SIGMA,
and the polishing apparatus was a Gatan 697 Ilion II. After employing the polishing device
to remove surface imperfections using argon ions, a thin gold coating, on the order of 10 nm
in thickness, was applied to the sample. Next, a Zeiss SIGMA SEM was used to study the
materials’ tiny pore morphologies and structural characteristics [40].

3.4. Gas Adsorption Measurements

The gas adsorption experiment adopts the Autosorb-iQ automatic specific surface and
pore size distribution analyser produced by Quantachrome. A minimum relative pressure
of 4 x 10~ was applied, and the aperture was sized at 0.35~500 nm. Prior to the experiment,
the materials were ground to sizes of 60-80 mesh in an agate mortar. After degassing the
samples, the ground powder samples were vacuumed and dried at 105 °C for 8 h while the
vacuum pressure was maintained below 0.5 Pa. The adsorption gas used in the LT-N, A
experiment was nitrogen, which had a purity level of above 99.999%. Gas adsorption
under rising relative pressure and desorption under lowering pressure were monitored at
a constant temperature of 77 K, and a low-temperature N, adsorption-desorption curve
was developed. The SSA, PV, and PSD values of the samples were calculated using the
BET method and the BJH model [41]. The LP-CO,A experiment used carbon dioxide
with a purity of more than 99.999% as the adsorption gas. The adsorption capacity was
tested under increasing relative pressure at a constant temperature of 273 K to produce
an LP-CO,A curve. The DFT model was used to determine the SSA, PV, and PSD of the
samples. The whole test procedure of the LP-CO,A and LT-N,A experiments was carried
out according to GB/T 21650.3-2011 and GB/T 21650.2-2008, respectively.

3.5. CHy Isothermal Adsorption

The major applications of the methane isothermal adsorption technique include testing
the methane adsorption capabilities of shale and simulating the maximal methane adsorp-
tion capabilities of shale under formation temperature and pressure circumstances. In this
paper, a Gravimetric Isotherm Rig 3 isothermal adsorption instrument was used, and the
test was based on GB/T 19560-2008. The shale samples were crushed to between 60 and
80 mesh, the samples were weighed to approximately 80~120 g, and the test temperature
was 70 °C. First, the highest pressure point of 25 MPa and 9 experimental pressure points
were set, and methane gas was injected to steadily increase from atmospheric pressure to
25 MPa. The time for each pressure point to reach equilibrium was not less than 6 h, and
then the pressure was increased to the next pressure point and gradually increased to the
final pressure. The ideal gas law was utilized to calculate each point’s adsorption capacity
based on its experimental pressure throughout the adsorption process, and a regression
analysis was employed to produce an isothermal adsorption curve.

3.6. Fractal Theory

There are many methods by which to study the fractal characteristics of shale microp-
ores, including the fractal BET model and the mathematical model of FHH fractal theory,
among which the FHH method is simple to calculate, has a wide range of applications, and
is widely used by researchers in fractal theory studies. In this paper, the FHH model is
used to calculate the fractal dimension of shale sample pores [24-27].

(i) aloo(3))

In Formula (1), V is the quantity of gas molecules that have been adsorbed at equilib-
rium pressure p, in cm®/g; V;, is the monolayer covering volume, in cm®/g; C is a constant;
po is the saturated vapour pressure of gas adsorption, in MPa; and A is the coefficient
related to the fractal dimension (D). A can be determined by using the slope of the fitted
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line in the graph InV and In[In(py/p)], and D can be calculated by the value of A. The
calculation formula is as follows:
D=A+3 ()

When the fractal dimension is calculated and analysed, the correlation curves of the
adsorption branch InV and In[ln(pg/p)] are established by Formula (1), and the fractal
dimension (D) is calculated by Formula (2). The fractal dimensions of shale pores are
normally between two and three, and the closer the number is to three, the rougher the
pore surface and the more complex the pore structure. When the value tends towards two,
the pore structure surface is smoother and more homogeneous [42-45].

4. Results
4.1. Mineralogy and Geochemistry

The TOC contents of the transitional black shales of the Shanxi Formation on the
eastern margin of the Ordos Basin range from 0.64% to 9.70%, with a mean of 3.80%.
R, values between 2.08% and 2.36%, with a mean of 2.23%, demonstrate the overly mature
condition of the organic substance. The XRD whole-rock analysis results (Table 1) show that
the transitional shale minerals of the Shanxi Formation are composed of complex minerals,
including clay minerals, quartz, feldspar, calcite, dolomite, and small amounts of pyrite
and siderite (Table 1). They are dominated by clay and siliceous minerals, with quartz
contents ranging from 28.92% to 58.98% and a mean of 43.00%. The clay contents range
from 36.24% to 65.21%, with a mean of 49.37%. Feldspar consists of potassium feldspar
and plagioclase, with contents ranging from 0 to 2.53% and an average content of 0.96%,
which is relatively low. The contents of carbonate minerals (dolomite and calcite) range
from 0 to 13.56%, with an average content of 3.02%. Compared with marine shale, the
content of carbonate minerals in Shanxi Formation samples is relatively different, and it is
close to that of lacustrine shale [15,45]. The contents of pyrite and siderite in the Shanxi
Formation samples are low, with average contents of 1.81% and 1.85%, respectively. More
than 80% of the 12 shale samples contain pyrite, indicating that the area was in a reducing
depositional environment [15,35]. The transitional shales of the Shanxi Formation differ
from marine organic-rich shales in that they have a high clay mineral content and a low
siliceous mineral content [42—46]. The clay mineral content in lacustrine and continental
shales is comparable to that of the Shanxi Formation, while siliceous mineral richness varies
significantly (Table 2) [21,47].

Table 1. Transitional shale from the Shanxi Formation, including its TOC percentage, thermal maturity,
and mineral makeup.

Total Potash

smplec s O TOC Qe ch e TR Gl Degmie Ty sig
e r
DJ3-4-1 Shanxi Fm. 2138.29 2.55 217 54.77 36.24 0.00 0.00 1.14 4.99 2.87 0.00
DJ3-4-2 Shanxi Fm. 2139.05 0.64 2.12 46.39 38.79 0.00 2.53 0.00 6.52 0.97 4.81
DJ3-4-3 Shanxi Fm. 2141.39 3.07 217 41.41 53.07 0.00 0.00 0.00 0.00 141 4.11
DJ3-4-4 Shanxi Fm. 2142.635 5.09 2.34 28.92 65.21 0.00 0.00 0.00 0.00 5.87 0.00
DJ3-4-5 Shanxi Fm. 2143.395 7.44 2.33 36.03 57.80 0.00 1.71 0.00 1.27 0.63 2.56
DJ3-4-6 Shanxi Fm. 2145.21 8.16 2.3 34.54 60.10 0.00 1.71 0.00 1.39 0.69 1.58
DJ3-4-7 Shanxi Fm. 2149.19 2.83 2.29 37.87 44.31 0.00 0.00 11.01 2.55 4.26 0.00
DJ3-4-8 Shanxi Fm. 2152.09 1.75 2.08 56.10 3291 0.00 1.64 0.00 6.17 3.18 0.00
DJ3-4-9 Shanxi Fm. 2153.64 1.67 2.23 48.00 47.87 0.00 0.00 0.00 1.22 1.15 1.76
DJ3-4-10 Shanxi Fm. 2158.61 1.84 2.19 40.18 53.69 0.00 249 0.00 0.00 0.64 2.99
DJ3-4-11 Shanxi Fm. 2163.1 0.84 2.13 58.58 41.42 0.00 0.00 0.00 0.00 0.00 0.00
DJ3-4-12 Shanxi Fm. 2166.09 9.70 2.36 33.18 61.04 0.00 1.38 0.00 0.00 0.00 4.40
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Table 2. Mineral composition of shale reservoirs in typical basins.

Mineral

Site Formation Facies . Range (%) Mean (%) Source
Composition
Northern Wufeng- Marine Clay 16.7-39.6 29.0 Wang et al.,
Yunnan-Guizhou Longmaxi Quartz 24.7-63.3 409 2023 [15]
Cla 39.0-46.0 43.0
Ordos Basin Yanchang Continental y Wang et al.,
Quartz 33.0-40.0 36.6 2021 [17]
Cl. 42.1-64.4 53.8
Songliao Basin Nenjiang Lacustrine ay Zhang et al.,
Quartz 20.1-34.7 26.2 2020 [21]
L Cla 7.8-36.2 20.6
Sichuan Basin Niutitang Marine y Meng et al.,
Quartz 21.2-56.7 35.3 2020 [42]
Cla 7.0-48.0 24.2
Fort Worth Basin Barnett Marine y Loucks etal,,
Quartz 8.0-58.0 34.3 2006 [43]
Jingmen Wufeng— Marine Clay 154-52.1 39.6 Lietal., 2022
exploration area Longmaxi Quartz 38.0-58.8 44.6 [44]
. Cla 10.2-42.2 214
Sichuan Basin Longmaxi Marine y Wang et al.,
Quartz 32.0-83.0 52.3 2020 [45]
(@ 41.0-65.9 54.6
Songliao Basin Qingshankou Lacustrine y Wang et al.,
Quartz 17.2-39.0 26.2 2015 [46]
: Cl 32.9-65.2 494
Eastern margin of Shanxi Transitional ay Tested
the Ordos Basin Quartz 28.9-58.6 43.0

Correlation analysis of TOC, quartz, and clay mineral contents in shale samples from
the Shanxi Formation (Figure 2) shows that the quartz content is inversely correlated with
TOC (R? =0.52) (Figure 2a), while the clay content is favourably correlated with TOC
(R? = 0.57) (Figure 2b). TOC is favourably correlated with the quartz content and negatively
correlated with the clay mineral content in marine shales, which is in contrast to previous
marine shale studies [47-49]. This agrees with earlier research on the contents of quartz,
clay, and TOC in transitional and continental shales [37,39,49].

70 - i
(a) 07 (b)
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—~ 60 | < e
S 60 ., . S 60 - <*
= H ¢ o i
50 T -~ B 4“’
= o % = 50 * R2=0.57
o Seeel e =""e
2 40 IS " T R2=0.52 =40{ 2
g Seelle — *
g N“&~\~ L 4 © P'S
< 30 { . s~ 30 4
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Figure 2. (a) Connection between the TOC and quartz content; (b) connection between the clay
mineral content and TOC.
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4.2. Pore Characteristics from FE-SEM

The shale pore types are diverse, and the structure is complex. FE-SEM scanning
electron microscopy imaging shows that the pores in the shale samples of the Shanxi
Formation have three different morphological types: organic pores, inorganic pores, and
microfractures. Intergranular pores and intragranular pores are further divisions of inor-
ganic pores [43]. The FE-SEM images show that a large number of micro/nanopores are
developed in the shale samples of the Shanxi Formation (Figures 3 and 4). Micro/nanopores
are developed in the shale organic matter, most of which are smaller than 300 nm (Figure 3a)
and a few of which are up to 1.5 um (Figure 3b). The pore shapes in the organic matter are
different (irregular, oval, circular, long stripe, and nearly circular), the distribution is not
uniform (Figure 3c,d), and local enrichment rarely occurs in the organic matter (Figure 3a).
In addition, the organic matter that filled in between pyrite crystal particles developed
elliptical or circular organic pores (Figure 4f).

Figure 3. FE-SEM images of samples of Shanxi shale showing the main pore types and geome-
tries. (a) Organic pores and microfractures, DJ3-4-11 (TOC = 0.84%); (b) organic pores, DJ3-4-3
(TOC =2.17%); (c) organic pores, microfractures, and interparticle pores, DJ3-4-7 (TOC = 2.83%);
(d) organic pores and interparticle pores, DJ3-4-12 (TOC = 9.70%); (e) intraparticle pores, DJ3-4-10
(TOC = 2.19%); (f) interparticle pores, D]3-4-12 (TOC = 9.70%).

. (,J'l\ inera
u?l ﬁﬁm
‘ (

Figure 4. FE-SEM images of samples of Shanxi shale showing the main pore types and geometries.
(a) Fractures between clay layers, DJ3-4-6 (TOC = 8.16%); (b) interparticle pores and organic, DJ3-4-12
(TOC =9.70%); (c) intraparticle pores between clay layers, DJ3-4-4 (TOC = 5.09%); (d) edge cracks
showing organic matter, DJ3-4-5 (TOC = 7.44%); (e) pyrite interparticle pores, D]J3-4-4 (TOC = 5.09%);
(f) organic pores between pyrite and organics; DJ3-4-3 (TOC = 2.17%).
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According to the FE-SEM images, intergranular pores and intergranular pores make
up the majority of the inorganic pores in the shale samples (Figure 3e,f). The pores within
grains are mostly round or elliptical (Figure 3e), except that the pores between clay mineral
grains are mostly parallel plates or slits (Figure 4c), with an uneven distribution and large
pore size differences, which mostly result from the dissolution of acidic fluids during the
production of hydrocarbons and the diagenesis of organic materials. Most intergranular
pores that form between stiff particles, most of which are irregular, are generally larger than
100 nm and are distributed unevenly (Figures 3f and 4b). Such pores are mainly affected
by diagenetic compaction [36—40]. In addition, intercrystalline pores are present between
strawberry-shaped pyrite particles (Figure 4e), with certain connectivity and pore sizes up
to hundreds of nanometres, which interact with organic matter [49-51].

In addition to the aforementioned pores, shale samples also produce microfractures, with
the fracture width typically being less than 200 nm. Some microfractures are developed in
the clay minerals, most of which are less than 130 nm in width (Figure 4a), which, during the
diagenetic process, are mostly created when the clay minerals dehydrate and shrink [49,50].
Most microcracks form at the edge of the organic matter (Figures 3b,c and 4d), and these
microcracks are usually caused by the abnormally high pressure generated in the process of
hydrocarbon generation during the thermal evolution of the organic matter [37-40].

4.3. Pore Characteristics from Gas Adsorption
4.3.1. Low-Temperature N, Adsorption

The LT-N, A isothermal curves of 12 transitional shale samples (Figure 5) show that the
shapes of the shale adsorption curves are similar to a certain degree, but different samples
also show differences [51-55]. Based on the adsorption isotherm division scheme proposed
by IUPAC [50], the adsorption isotherms of 12 shale samples from the Shanxi Formation in
this study are all type IV, but the morphological differences are large, mainly because of the
strong heterogeneity of shale [15,46,51]. The adsorption process may be loosely separated
into three phases based on the fluctuation tendency of the N, isothermal adsorption curve:
(1) when p/pg = 0~0.3, the adsorption curve rises slowly and presents a slightly convex
shape. When p/pg = 0.3, the monomolecular layer on the pore surface is basically saturated,
and adsorption gradually transitions to multimolecular layer adsorption with increasing
relative pressure. (2) When p/pg = 0.3~0.9, the gas adsorption capacity increases steadily
with increasing relative pressure. (3) When p/pg = 0.9~1.0, the adsorption curve rapidly
becomes steeper and does not reach saturation when p/py is close to 1. This mostly results
from the condensation of gas, demonstrating that the shale has a particular number of
macropores or microfractures [56-58]. The adsorption and desorption curves are divided
from 0.45 to 0.9, and a hysteresis loop forms between the two curves. This is because
capillary condensation occurs in this relative pressure interval [2,15,29,35,50], and the
adsorption and desorption processes cannot be completely reversible. At the same time, the
formation of the hysteresis ring is similar to that of the H3 type, indicating the development
of slit-type and parallel plate-like pores in the Shanxi Formation shale [59,60].

The pore structure characteristics of the shale samples were determined by quanti-
tatively analysing the LT-N, A experimental data and were based on the theoretical BET
and BJH models, as shown in Table 3. The BET-SSA values of shale pores range from
5.118 m?/g to 12.812 m? /g, with a mean value of 9.542 m?/g. BJH-PV parameters range
from 0.012 cm3/g to 0.047 cm? /g, with 0.026 cm® /g being the average. Marine—continental
transitional shales have SSA and PV values that are somewhat higher than those of con-
tinental shales and quite similar to those of lacustrine shales [16,21-24,49-51]. The pore
diameter distribution curve is calculated based on the LT-N,A experiment, as shown in
Figure 6. The relationship between the pore size and pore volume is shown by a curve with
multiple peaks. The peaks are at 3~5 nm, 10~22 nm, and 22~270 nm, and the maximum
cumulative pore volume reaches 0.047 cm3/g.
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Figure 5. Isotherms of N; adsorption and desorption in shale samples.

Table 3. Results of the LT-Np A and LP-CO, A analyses of shale samples.

LP-CO,A LT-N,A
Samples Strata Sprr (m%g)  Vppr (em/g)  Dcop (m)  Sppr (m/g) Vg (em®/g) D (nm)
DJ3-4-1 Shanxi Fm. 6.036 0.002 0.349 6.630 0.023 3.970
DJ3-4-2 Shanxi Fm. 6.025 0.002 0.349 5118 0.018 2.455
DJ3-4-3 Shanxi Fm. 14.163 0.004 0.349 11.046 0.020 4215
DJ3-4-4 Shanxi Fm. 22.420 0.007 0.501 12.189 0.032 3.966
DJ3-4-5 Shanxi Fm. 31358 0.009 0.349 12.812 0.047 3.977
DJ3-4-6 Shanxi Fm. 33.226 0.010 0.349 12.509 0.035 3.967
DJ3-4-7 Shanxi Fm. 9.533 0.003 0.551 6.337 0.012 4758
DJ3-4-8 Shanxi Fm. 9.965 0.003 0.576 10.138 0.022 4362
DJ3-4-9 Shanxi Fm. 12.957 0.004 0.517 9.954 0.021 4283
DJ3-4-10 Shanxi Fm. 12.910 0.004 0.573 10.386 0.023 3.977
DJ3-4-11 Shanxi Fm. 7.044 0.002 0.479 5.624 0.029 3.964
DJ3-4-12 Shanxi Fm. 38.803 0.011 0.349 11.763 0.033 3.960

Note: Sprr = DFT specific surface area; Vprr = DFT pore volume; Sger = BET specific surface area; Vg = BJH
pore volume; Dy, = average pore width by LT-N,A; D¢, = average pore width by LP-CO,A.
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Figure 6. Curves of the pore size distribution from the LP-NyA experiment.

4.3.2. Low-Pressure CO, Adsorption

The LP-CO, A isothermal adsorption curve is shown in Figure 7. The curve type corre-
sponds to an isotherm of type I, which reflects the micropore filling phenomenon in shale
samples, indicating the development of a certain number of micropores in shale [11,22-24].
The morphologies of the CO; adsorption curves of different samples are similar, but the
maximum adsorption amount of CO; is different, which shows the micropore-scale pore
structure of different shale samples [20,24,25]. In the Shanxi Formation, the samples with
greater organic carbon content often have higher CO, adsorption gas volume, which in-
dicates the larger pore volume of shale micropores. This finding suggests that the TOC
content is directly correlated with the level of micropore development.
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Figure 7. LP-CO,A isotherms of shale samples.

Table 3 displays the experimental results of low-pressure CO, adsorption based on
the NLDFT model. The micropore sizes are between 0.349 nm and 0.576 nm (average of
0.441 nm). The SSA values of micropores range from 6.025 m?/g to 38.303 m?/g (mean of
17.037 m?/g). The micropore volumes range from 0.002 cm?/g to 0.011 cm®/g (mean of
0.005 cm?/g). The pore size distribution shows an obvious multipeak pattern (Figure 8),
with three main peaks from 0.3 to 0.4 nm, 0.4 to 0.7 nm, and 0.7 to 0.9 nm, indicating that
the shale pores are widely distributed from 0.3 to 0.9 nm. The corresponding main peak
pore sizes are 0.35 nm, 0.54 nm, and 0.81 nm, indicating a greater proportion of such pores
within the total pore volume.
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Figure 8. Pore size distributions obtained from LP-CO,A.
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4.4. CHy Adsorption Isotherms

Under specific temperature and pressure conditions, the isothermal CH, adsorption
experiment can ascertain the maximum CHy adsorption capacity of shale, reflecting its
maximum gas adsorption capacity [6,8,15,24]. In this paper, the gas adsorption capacity of
transitional shale from the Shanxi Formation is investigated using the Langmuir model
in conjunction with an isothermal adsorption experiment. As depicted in Figure 9a, the
adsorbed gas volume of the Shanxi Formation shale samples tends to become saturated at
approximately 21 MPa. The adsorption capacity of CHy varies widely between different
shale samples, mainly because the degree of pore development, pore size distribution,
and geometric characteristics within shale samples are quite different. The gas adsorption
capacity of shale is positively correlated with the TOC content; as the TOC content increases,
so does the shale’s capacity. This finding is consistent with earlier research [8,15,38].
The Langmuir characteristics of 12 shale samples from the research area are shown in
Table 4. The Langmuir volume of different shale samples varies widely, with values
ranging from 1.45 cm3/g to 4.81 cm®/g (average of 2.42 cm?/g). Langmuir pressures range
from 5.68 MPa to 12.99 MPa. Figure 9b shows a substantial positive connection between
the TOC content and Langmuir volume, with a correlation coefficient R? of 0.86, showing
that the transitional shale TOC content is one of the key elements influencing the shale
adsorption performance [15,21]. The creation of a high number of organic pores during the
thermal evolution of organic matter may be the cause of the rise in Vi, with increasing TOC
content since this increases the contact area between gas and pores, which promotes gas
enrichment and raises the shale’s gas content [35-39].
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Figure 9. (a) Isothermal adsorption curves of shale samples and (b) associations between the TOC
and Langmuir volume of shale samples.

Table 4. Methane adsorption results of shale samples.

Samples Strata Depths Py (MPa) Vi (cm3/g)
DJ3-4-1 Shanxi Fm. 2138.29 12.30 1.66
DJ3-4-3 Shanxi Fm. 2141.39 9.66 1.82
DJ3-4-4 Shanxi Fm. 2142.635 7.35 2.54
DJ3-4-5 Shanxi Fm. 2143.395 721 2.87
DJ3-4-6 Shanxi Fm. 2145.21 6.77 3.45
Dj3-4-7 Shanxi Fm. 2149.19 11.35 1.60
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Table 4. Cont.
Samples Strata Depths Pp (MPa) Vi (em3/g)
DJ3-4-8 Shanxi Fm. 2152.09 12.99 1.45
DJ3-4-9 Shanxi Fm. 2153.64 10.43 1.67
DJ3-4-10 Shanxi Fm. 2158.61 8.09 2.29
DJ3-4-12 Shanxi Fm. 2166.09 5.68 4.81

4.5. Pore Fractal Characteristics

The relationship between the InV and In[In(py/p)] of the adsorption curve of LT-
N A was determined by using the adsorption branch gas adsorption capacity and relative
pressure, as shown in Figure 10. When the LT-NA curve’s relative pressure is between
0.45 and 0.5 at low temperatures, the hysteresis loop manifests, showing how much the
pore structure changes before and after the pressure range. According to the characteristics
of the double logarithmic curve in Figure 10, p/po = 0.5 was used as the limit to perform
piecewise linear fitting for the high-pressure and low-pressure portions of the adsorption
curve, calculate the slope of the fitting lines in different pressure portions, and calculate
the fractal dimension of the sample using Equation (2). The findings demonstrate that
shale pores have two distinct fractal properties, and there is a good match between them.
D; and D; are used to signify the fractal dimensions of pores in the low-pressure section
(0 <p/po <0.5) and the high-pressure segment (p/pg > 0.5), respectively (Table 5). The
findings demonstrate that the pore structure of the Shanxi Formation at the eastern fringe
of the Ordos Basin has a very high fractal dimension (D) degree, suggesting that it is
complex and has significant heterogeneity [9,15,30]. The samples with high and low
relative pressures exhibit dramatically varied fractal dimensions. In the high-relative-
pressure section (p/po > 0.5), the D; values of shale pores are between 2.531 and 2.755, with
an average value of 2.663. In the low-relative-pressure section (p/pg < 0.5), the D; values
of shale pores are between 2.470 and 2.557, with an average value of 2.525. This is in line
with the fractal outcomes of the shales investigated by Sun et al. (2015) and Bu et al. (2016).
Figure 11 depicts the fractal dimensions of marine, continental, lacustrine, and transitional
shales in typical basins [8,9,15,35,42-46]. The fractal dimension of marine shale is far from
two and close to three. The fractal dimensions D; and D, of most lacustrine and continental
shales are close to two and close to three, respectively, which is opposite to the fractal
dimension D; of marine and transitional shales, indicating that the pore heterogeneity of
transitional shales is stronger than that of continental and lacustrine shales.

Table 5. Fractal dimensions derived from the FHH model.

p/po = 0~0.45 p/po = 0.45~1.0
Samples Strata A R2 D A R2 D
1 1 2 2

DJ3-4-1 Shanxi Fm. —0.457 0.998 2.543 -0.370 0.991 2.631
DJ3-4-2 Shanxi Fm. —0.501 0.983 2.499 —0.367 0.997 2.633
DJ3-4-3 Shanxi Fm. —0.510 0.985 2.490 —0.381 0.999 2.619
DJ3-4-4 Shanxi Fm. —0.472 0.991 2.529 —0.330 0.996 2.670
DJ3-4-5 Shanxi Fm. —0.444 0.988 2.557 —0.245 0.973 2.755
DJ3-4-6 Shanxi Fm. —0.462 0.990 2.539 —0.282 0.976 2.718
DJ3-4-7 Shanxi Fm. —0.484 0.999 2.516 -0.309 0.991 2.691
DJ3-4-8 Shanxi Fm. —0.453 0.997 2.547 —0.347 0.999 2.654
DJ3-4-9 Shanxi Fm. —0.446 0.997 2.547 —0.303 0.987 2.654
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Table 5. Cont.
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p/po = 0.45~1.0

Samples Strata 2 2
Ay R D, A, R D,
DJ3-4-10 Shanxi Fm. —0.473 0.995 2.527 —0.311 0.990 2.689
DJ3-4-11 Shanxi Fm. —0.530 0.980 2.470 —0.469 0.999 2.531
DJ3-4-12 Shanxi Fm. —0.474 0.989 2.539 —0.332 0.999 2.718
3.0 - 0.45<p/p,<1 ! 0<p/p,<0.45 3.0 - 0.45<p/p,<1 | 0<p/p<0.45 4 0.45<p/p,<1 | 0<p/p,<0.45
"u. | 254 m | " '
2.5 4 . ! : = N A & .
N : 2.0 1 e [ U =, :
2.0 1 St y=loasxrosss | Ty YE-0.501x +0.605 " ouy yﬁl—olélzoé(gsls.szz
2 — . - 2= =— - N
1.5 1 y=-0.370x +0.942 “.'H- IR?=0.998 y=-0367x+0.646 m_ | 0983 20 YOI IS !
o R2=0.991 *.. 1.0 1 R?=0.997 ""1'\ : h\.
g 1 1
| \. 0.5 1 b." 1.0 A \ L
1 ! Ly |
0.5 A \ .i‘ 0.0 1 ’\~ | \
DJ3-4-1 I \, DJ3-4-2 ! .. DJ3-4-3 ! °
0.0 . . — .05 . . . s 0.0 . . — .
-6 -4 -2 Lo 2 -6 -4 -2 10 2 -6 -4 -2 Lo 2
1 ! 1
337 : 3.0 1 | 3.0 - !
S 1 ~.. 1 S !
304 " | 251 " Ta, ! " e, |
. 1 ~u ~u 1
" I Sy y=-0.444x +1.356 - A
- u 0 {y= N g . = .
2.5 “uy y=1-0.472x + 1.464 20 1y ?{-22150>‘9+7;-483 l-._.h: R>=0.988 20 1y—0282x+1.387 g T 04165);;01 »
2.0 {y=-0.330x+1.508 w1 R7=0991 15 ' [N LSS '”'-h
R?=0.996 Ty I, A
1.5 A | 1.0 A I ‘e 1.0 A I Vg
I I | Q
1.0 [ 0.5 : : \
DJ3-4-4 i \‘ DJ3-4-5 | DJ3-4-6 i
0.5 T T T ) 0.0 T T — ) 0.0 T - — .
SO -4 -2 Lo 2 -6 -4 -2 o 2 =3 -4 -2 Lo 2
= | ! |
2.5 1 ! 4.0 - | 3.0 - !
1 ! N 1
la- | | [ 20N
2.0 L ] 0] ™a_ | 25 u‘_\ |
0 - y=7(l)al:184(t)x9+9(9).731 l‘\- : 20 A u . y::—0.446x+1.252
- =0. R =-0.303x +1.337 R2=0.997
=— - _1 y L)
oY 0.309x +0.8837 my ! 20 |y=0347x+ 1461 my Y™ ,g.24753x9+97|4424 s R?=0.987 L,
R2=0.991 4 R2=0.999 g 1R7=0.
0.5 Yoou o 1.0 L Y,
I %e 1.0 4 | e I %e,
\\ . | -, \
0.0 - : : N 0.5 - |
DJ3-4-7 | DJ3-4-8 | DJ3-4-9 |
-0.5 T —t \ 0.0 T T o ) 0.0 T T +— )
-4 -2 0! 2 -6 -4 -2 1o 2 -6 -4 -2 1o 2
I ! I
3.0 { ! 3.5 | 4.0 !
[ BN | | 1
| - n 1
» l\'\. : 25 e : 304 "m |
2.0 e y=r0.473x +1.303 u. : . . y,*‘°~474"+ 1.483
=—\.. X = — =—1 | —
y 0.9 ."H' R2=0.995 . ¥a OR'ff%";gg’“ PSR | R2=0.989
1.5 4 : y, 1.5 4 ‘= O LSRG 2.0 {yT7Y02ex " 1. bt S|
| y=-0.469x +0.648 L ! R2=0.999 '-.k
Ao [ ‘\.‘ R?=0.999 "'l:‘ .,
' i . 0.5 e 1.0 - : -
0.5 ! hY L% : Y
DJ3-4-10 : DJ3-4-11 [ Y oo 1 D412 I
0.0 . . . . 05 : , . s ! ; . . '
-6 -4 -2 0 2 -6 -4 -2 0 2 -6 -4 -2 0 2
In[In(p/p,)]

Figure 10. Fractal calculation results.
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Figure 11. Comparison of the fractal dimensions of marine, continental, lacustrine, and transi-
tional shales in typical basins [5-7,13,15,16,20,36,40,44—-46,54-57]. (a): Marine shale; (b): Lacustrine,
continental, marine—continental transitional shale.

5. Discussion
5.1. Properties of the Porous Structure Distribution

The pore structure of the Shanxi Formation shale is complex and diversified, with a
broad variety of pore sizes, from a few nanometres to a few microns, and variable degrees
of pore development, as can be observed from the research mentioned above [9,15,16].
Table 6 shows the pore size distribution characteristics (0.3~300 nm) of the transitional
shale obtained from gas adsorption experiments ((LT-N,A and LP-CO,A). According to
Table 6, the shale from the Shanxi Formation has an average PV of 0.031 cm3/ g, but the
values vary from 0.019 cm3/g to 0.056 cm?/g; the average mesoporous volume (2~50 nm)
is 0.019 cm3/g, but the values range from 0.010 cm?®/g to 0.029 cm®/g. Macropores
(50-300 nm) range in volume from 0.001 cm?®/g to 0.012 cm®/g (mean of 0.007 cm?/g);
the volumes of micropores (0.3~2 nm) range from 0.002 cm?/g to 0.011 cm®/g (mean of
0.005 cm?/g). The PV distribution features show that there are significant variations across
samples. Nevertheless, in general, mesoporous pores provide the majority of PV (51~75%),

followed by macropores (10~37%), and micropores provide a small amount of pore volume
(8~26%) (Figure 12a).
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Figure 12. Proportions of various pore sizes as determined by LT-N» A and LP-CO,A; (a) percentage
of PV; (b) percentage of pore SSA.
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Table 6. The absolute micropore, mesopore, macropore PV, and SSA values of shale samples.

PV (cm®/g) SSA (m?%/g)

Samples

Micropore = Mesopore = Macropore Total Micropore = Mesopore = Macropore Total
DJ3-4-1 0.002 0.017 0.006 0.025 6.29 6.09 0.20 12.583
DJ3-4-2 0.002 0.012 0.005 0.019 6.33 4.62 0.18 11.126
DJ3-4-3 0.004 0.017 0.003 0.024 14.71 8.79 0.09 23.593
DJ3-4-4 0.007 0.024 0.008 0.039 22.99 10.42 0.27 33.684
DJ3-4-5 0.010 0.029 0.017 0.056 32.13 10.06 0.58 42.761
DJ3-4-6 0.010 0.023 0.012 0.045 33.25 10.94 0.39 44.590
DJ3-4-7 0.003 0.010 0.001 0.014 10.65 5.45 0.05 16.154
DJ3-4-8 0.003 0.018 0.003 0.024 9.92 8.66 0.11 18.697
DJ3-4-9 0.004 0.018 0.003 0.025 13.77 8.50 0.11 22.382
DJ3-4-10 0.005 0.019 0.004 0.027 13.74 9.31 0.14 23.184
DJ3-4-11 0.002 0.017 0.012 0.031 7.31 5.41 0.37 13.080
DJj3-4-12 0.011 0.023 0.010 0.045 38.80 8.07 0.35 47.220

The SSA values of shale vary from 6.29 m?/g to 38.80 m?/g (mean of 17.49 m?/g),
whereas those of micropores are in the range of 6.29 m?/g to 38.80 m?/g. The mean
mesoporous SSA is 8.03 m? /g, with a range of 4.62 m?/g to 10.94 m?/g. The macropore
SSA values ranges from 0.09 m? /g to 0.58 m? /g (mean of 0.24 m?/g) (Table 6). Figure 12b
demonstrates how extremely diverse the SSA of the Shanxi Formation shale is, with
significant variations across various samples. Nonetheless, the majority of SSA values
are generally provided by micropores and mesopores, whose comparative surface areas
vary across samples, whereas macropores provide the least SSA [31-35]. The association
between BJH-PV and BET-SSA is shown in Figure 13. Overall, there is a considerable
positive association (R? = 0.41) with a few anomalies, which is consistent with earlier
research on lacustrine shale, transitional shale, and marine shale [9,15,16,35-39].
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Figure 13. Correlation between the BJH-TPV derived from the LT-N,A and BET-SSA.
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5.2. The Relevance of Pore Structure to Shale Composition

Studies have shown that the mineral composition and TOC content of shale are closely
related to the pore structural characteristics of shale [3]. The link between TOC, the main
shale mineral components, and the characteristics of the pore structure is shown in Figure 14.
When the TOC content increases, the pore structure parameters (BET-SSA and BJH-PV)
of the shale samples increase, with a positive correlation between the two parameters
(R? = 0.52 in Figure 14a,d). This suggests that as the number of micropores derived from
organic matter increases, the pore specific surface area and pore volume also increase.
This result is in agreement with those of previous studies [17-21]. Several academics have
shown that the thermal development of hydrocarbon production causes the organic pore
content of organic-rich shale to increase. The SSA of shale is increased by this kind of pore
because it has a complicated internal structure and rough pore surface. The contact area
between pores and gas molecules is greatly improved, and the adsorption capacity of shale
is enhanced [17-20].
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Figure 14. Links between the pore structure parameters, quartz, TOC values, and clay minerals.
(a,d): TOC versus BET-SSA and BJH-PV; (b,e) quartz content versus BET-SSA and BJH-PV; and

(c,f) clay content versus BET-SSA and BJH-PV.

Figure 14b,c depict the link between pore structure characteristics and the main
mineral components (clay and quartz) of the shale. BET-SSA is significantly correlated
with the clay mineral content (R? = 0.60) and inversely correlated with the quartz content
(R? = 0.42). The positive correlation between the BJH-PV and clay mineral content is weak
(R? = 0.36), and the inverse relationship between the BJH-PV and quartz content is weak
(R2=0.14), demonstrating that BET-SSA and BJH-PV increase as the clay mineral content
in transitional shale increases, and they decrease as the quartz content decreases. Owing
to the fine granularity of clay minerals and the presence of micro- to nanoscale pores,
the pore SSA is large. The positive correlation between the BJH-PV and clay minerals is
weak because clay minerals develop micro- and nanopores, but the fine clay minerals fill
some micropores and the pore throats are blocked, resulting in the reduction of micro- and
nanopores and the reduction in pore volume. This finding is in agreement with those of
previous studies [15,23,24,54]. As a result, many variables (shale mineral composition and
TOC) rather than a single variable (such as TOC) affect how much the pore structure of the
transitional shale develops in the study region.
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5.3. Dimensions of Fractals and Their Influences

The complexity of the pores may be quantitatively described by the size of the fractal
dimension, which is directly correlated with the growth of the pores. Therefore, the factors
that control shale pores all affect the fractal dimension [21,34,35]. The main influential
factors include the shale mineral composition, TOC content, burial depth, and diagenetic
evolution stage [13-15]. As shown in Figure 15a, D; and D, are positively correlated
with the TOC content (R? = 0.22 and R? = 0.53, respectively), demonstrating that as the
amount of organic matter increases, the complexity of the pore structure of the shale and its
capacity for adsorption also increase. This is in line with the results from lacustrine shales,
continental shales, and marine gas shales because a greater TOC content causes the organic
matter to produce more micropores, which leads to a more complex pore structure and an
increased D value [15,21,22].
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Figure 15. Quartz, clay mineral, and TOC contents, as well as the fractal dimensions, are related
to each other. (a) TOC relative to Dy and D5; (b) quartz content versus D; and Djy; (c) clay content
versus D and Dj; (d) D; versus D,.

The analysis of the relationship between the fractal dimension (D; and D;) and mineral
composition (clay and quartz) shows that D, has a clear negative correlation with the
quartz content (R? = 0.54), and D; has a weak negative correlation with the quartz content
(RZ=0.07) (Figure 15b). It is hypothesized that the reason for the decrease in the fractal
dimension as the quartz content increases may be the increase in the proportion of the
terrigenous quartz content in the transitional shale of the Shanxi Formation. This is based
on a comparison between the quartz content and quartz origin of the marine rocks. This
type of silica is usually transported and deposited over a long distance, resulting in a high
degree of mineral sorting and roundness. In the process of compaction and diagenesis, the
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mineral arrangement and support ability are strong, and the pore shape patterns are simple.
The complexity of these pores is reduced [9,15,21]. The correlation between D; and D; and
the clay mineral content is weak (D is R? = 0.04; D, is R? = 0.32) (Figure 15c). Because the
clay mineral content of the Shanxi Formation shales in the study area is generally high,
the average content is more than 49% but the mineral particles are small. However, with
compaction, the number of micropores and mesopores in the shale increases, making the
correlation between them weak [21-24]. There is a good correlation between Dy and D,
(Figure 15d). Its correlation coefficient R? = 0.56, indicating that the low-relative-pressure
segment (0 < p/po < 0.5) and the high-relative-pressure segment (0.5 < p/pg < 1.0) have
the same pore fractal characteristics [25]. Previous studies on the heterogeneity of marine—
continental transitional shale reservoirs have found that clay minerals and the TOC content
are the main factors affecting the development of reservoir pores, but the performance is
inconsistent in different regions due to the difference in the sedimentary environment. The
shale pores in the southern Qinshui Basin are greatly affected by the kaolinite content. The
illite/smectite mixed layer and illite in the Longtan shale of the Sichuan Basin are the keys
to the formation of the pore system [30]. Therefore, the sedimentary environment of shale
results in different mineral components and different contributions to pores.

Figure 16 depicts the link between D; and D, and the pore physical properties (BJH-PV
and BET-SSA). Figure 16a shows that BET-SSA has a good positive trend with D; and D,
demonstrating that the fractal dimension increases as the BET-SSA increases. On the other
hand, the positive correlation between the BJH-PV and D; and D, is weak (Figure 16b),
proving that BJH-PV has little influence on the fractal dimension. The study findings of
marine shales, lacustrine shales, and continental shales are compatible with the association
between pore structure parameters and the fractal dimension of transitional shales in the
Shanxi Formation [16,21,36-39,55], demonstrating that the fractal dimension, inner pore
surface roughness and irregularity, and pore structural complexity all increase as the SSA
of transitional shales in the Shanxi Formation increases.
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Figure 16. Pore structural parameters and fractal dimensions in relation to each other. (a) BJH-PV
versus Dy and Djy; (b) BET-SSA versus D; and Ds.

5.4. Connections between the Langmuir Parameters for CHy Adsorption and the Fractal Dimension

The presence of gas in shale is influenced by its pore structure. Shales with the same
pore volume or particular surface area may have radically varying pore complexities, and
the complexity and heterogeneity of pore development certainly have an impact on the
pores’ ability to adsorb methane [8,35]. In general, as the fractal dimension increases,
the complexity of the pore structure grows, and the capacity for gas adsorption steadily
increases [2]. The majority of the SSA of the shale is provided by micropores, as shown
in Figure 12b. Although the volume of micropores is small, their large number plays a
crucial role in the complexity and heterogeneity of the pores. The increased proportion of
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micropores in shale, its complex internal structure, and rough pore surface greatly increase
the SSA of shale [8,30,31,35]. According to the correlation between the fractal dimension of
shale pores, Langmuir volume, and Langmuir pressure (Figure 17), the Langmuir volume
shows a weak positive connection with Dy (Figure 17a) and a strong positive correlation
with D, (Figure 17b), which is consistent with earlier research [8,30,31,35]. Increasing
D, values correlate with coarser shale surfaces, more adsorption sites, and larger shale
methane adsorption capacities. The Langmuir pressure of the shale is inversely related to
D, (Figure 17d). As D, increases, the Langmuir pressure gradually decreases, and easier
methane desorption of the shale reservoir is realized.
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Figure 17. (a,b) Relationships between the Langmuir volume and D; and D; (c,d) affiliations between
Langmuir pressures and D; and D,.

6. Conclusions

(1) The transitional shales of the Shanxi Formation in the study area are mainly
composed of quartz and clay minerals. The quartz contents range from 28.92% to 58.98%,
with a mean of 43.00%, while the clay contents range from 36.24% to 65.21%, with a mean
of 49.37%. In comparison to marine shale, transitional shale has a higher clay content.

(2) The Shanxi Formation’s transitional shale contains primarily organic and intra-
granular pores. The pore structure of shale samples is categorized as H3 type based on the
hysteresis ring type and curve of LT-N, A, indicating that the pore morphology is primarily
composed of slit and parallel plate shapes.

(3) The transitional shale samples have total SSA values ranging from 11.126 to
47.220 m?/g, with a mean of 25.754 m?/g. The total PV values range from 0.014 to
0.056 cm3 /g, with a mean of 0.031 cm®/g. Micropores were found to contribute the most to
the total SSA, while mesoporous pores were found to contribute the most to the total PV.
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(4) The pore structure of transitional shale is primarily influenced by the organic
matter and mineral composition. The BET-SSA and BJH-PV, two important parameters of
pore structure, show a positive correlation with the TOC and clay mineral contents but a
negative correlation with the quartz content.

(5) According to the FHH model, the calculated fractal dimensions, Dy and D,, for tran-
sitional shale pores exhibit clear fractal characteristics. The fractal dimension is positively
associated with both the TOC and clay mineral contents, while it is negatively associated
with the quartz content. The BET-SSA is positively correlated with both Dy and D,, with
D, exhibiting a stronger fitting trend line than D;. In addition, the Langmuir volume is
positively correlated with D;. As the value of D, increases, the adsorption capacity of shale
also increases.
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