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Abstract: The Lower Permian Fengcheng Formation in Halaalate Mountain in the Junggar Basin
has enormous potential for shale oil, while few investigations on quantifying pore structure hetero-
geneity have been conducted. Thus, total organic carbon (TOC), X-ray diffraction (XRD), scanning
electron microscopy (SEM), and low-temperature N, adsorption tests were conducted on the shales
collected from the HSX1 well in the Hashan region to disclose the microscopic pore structure and
its heterogeneity. Results show that the selected shales mainly consist of quartz, plagioclase, calcite,
and clay minerals. The primary pore types are intergranular pores in quartz and carbonate and
intragranular pores in clays, while organic matter (OM) pores are rare. Typical types of H2 and mixed
H2-H3 were observed. Type H3 shale pore size distributions (PSD) are unimodal, with a peak at
about 70 nm, while Type H2-H3 shales are bimodal, with peaks at about 70 nm and 3 nm, respectively.
Type H3 shales have lower D, than Type H2-H3 shale, corresponding to weaker pore structure
heterogeneity. Multifractal analyses indicate that macropores in Type H3 shales have stronger het-
erogeneity with large D9—Dy ranges, while minor D_1y—Dj ranges mean weaker heterogeneity of
micro- and mesopores, and so do Types H2-H3 shales. The higher the contents of plagioclase and
clay minerals, the more heterogeneous the micro- and mesopores are; a larger content of quartz leads
to more heterogeneous macropores. Specific surface area, micro-, and mesopores contents positively
correlate to Dy, while average pore diameter and macropores are on the contrary, thus the higher the
content of micro- and mesopores and the specific surface area, the lower the content of macropores
and average pore diameter, the more complex the microscopic pore structure of shale. Micro- and
mesopores control the heterogeneity of shale pore development with a great correlation of D_19—Dy
and D_19—Djg, and D, can effectively characterize the heterogeneity of a high porosity area with a
strong correlation of D, and Dy—D1g.

Keywords: pore structure; fractal dimension; low-temperature nitrogen adsorption; shale oil;
Halaalate mountain

1. Introduction

With the deepening of unconventional oil and gas exploration in recent years, shale
oil has become an increasingly important component of global energy. Commercially
successful production of unconventional shale oil and gas in the United States has prompted
China to learn and introduce shale oil development and extraction technologies and has
increased its efforts to explore shale oil resources [1]. The shale oil resources of China are
considerable, and the recoverable resource of medium-high maturity shale oil is enormous
at present; continental shale oil has become the most potential oil resource in China and
has a reasonable prospect for exploration and development [2].
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Shale is a complex heterogeneous porous medium, shale oil has nanoscale pores and
exists in shale formations, essentially without any migration mechanism; it represents
mature organic shale oil, which is mainly filled in microscopic pores and fracture systems
in adsorbed and free states [3,4]. Unconventional shale has a complex pore structure,
high heterogeneity, and small nanopore size; the complexity and heterogeneity of its pore
structure are the key factors to control the occurrence and flow of shale oil, which is difficult
to characterize effectively by traditional methods [5]. Currently, the methods of pore
structure characterization and fractal theory are mainly used to discuss the microscopic
characteristics and heterogeneity of the pore system [6,7].

There are currently many methods used to study the microscopic pore structure of
shale. Direct methods to analyze shale microscopic pore structure characteristics are X-ray
computer scanning and scanning electron microscopy (SEM) [8-12]. These methods can
obtain pore morphology and connectivity directly. Indirect methods such as N, and CO,
adsorption, nuclear magnetic resonance, and high-pressure mercury injection can yield
quantitative porosity, pore volume, specific surface area, pore size distribution, and other
structural parameters [13-17]. There are also wave propagation and attributes, such as
energy losses (scattering and intrinsic attenuation), that are methods of analyzing shale
indirectly [18,19]. Shale pore type, shape, and quantitative heterogeneity affect the migra-
tion and storage of shale oil. The fractal theory can be effectively used to quantitatively
evaluate pore structure complexity and heterogeneity. Previous research has shown that
N, adsorption experiments combined with the FHH model have been widely applied
to calculate the fractal dimension to characterize the heterogeneity of the pore structure;
the single fractal characterizes the average property of the pore structure. However, the
large number of nanopores present in the shale pore structures and the complexity of the
structures make it difficult for the single-fractal models to describe all characteristics of
shale pore structures. The multi-fractal divides the pore structure into several regions and
studies the heterogeneity of pore structure separately and it has been proved that it can
effectively describe the pore characteristics of shale [20-24].

The Junggar Basin is a large stacked oil-containing gas basin in western China, and
the northwest part is one of the main oil and gas gathering areas in the basin [25]. The
Lower Permian Fengcheng Formation is mainly a semi-closed residual marine environment
of a rift basin with widely distributed and abundant hydrocarbon source rocks. It is an
important reservoir of unconventional oil reservoirs. In recent years, exploration studies
have found that the Permian Fengcheng Formation in the Hashan area is rich in oil and
gas, indicating a broad prospect for shale oil development [26,27]. Previous studies mainly
focused on the macroscopic research of the Fengcheng Formation in the Hashan area,
such as sedimentary environment and sedimentary facies, reservoir development, tectonic
fracture genesis, etc. Still, they ignored the heterogeneity of microscopic pore structure and
pore size distribution of shale, and the shale pore system of the Fengcheng Formation is
not fully understood [25,28-31].

Based on the above research, this study selected shale samples from well HSX1 of the
Fengcheng Formation of the Permian System, studied the microscopic characteristics of the
pore system through TOC, XRD, SEM, low-temperature N, adsorption experiments, and
focused on studying the heterogeneity of pore structure and its influencing factors through
fractal theory. Furthermore, pore structure analysis tests the adaptability of single fractal
and multifractal in shale reservoirs. The results are relevant for providing insight into the
pore distribution and its heterogeneity in oil-bearing shale in the Fengcheng Formation,
Junggar Basin.

2. Geology Setting

The Hashan area is located in the northwest margin of the Junggar Basin in China,
with an exploration area of up to 1000 km?, which is an important area for continental
accumulation and orogenic movement (Figure 1a,b) [26]. The structural belt of the Hashan
area presents a banded distribution on the plane, high in the northeast and low in the
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southwest, and the tectonic activities are frequent and the tectonic characteristics are quite
complicated. There are six tectonic evolutions from Late Carboniferous to Cenozoic; the
Late Permian to Triassic is the most intense period of tectonic activity in the Hashan area,
at which time the main structure of Hashan was formed [32,33]. The rapid maturation
of source rocks in the footwall of the nappe body in the Hashan area was affected by the
strong thrust and nappe at the end of the Early Permian, Late Permian, and Triassic peri-
ods, then forming the Hashan region’s oil and gas [34]. The Fengcheng Formation can be
divided into three parts from bottom to top: the first member of the Fengcheng Formation
mainly develops fine-grained mixed rocks, such as argillaceous dolomite and dolomite
mudstone, while the bottom develops explosive facies volcanic rocks; the second member
of the Fengcheng Formation is primarily composed of dolomite, argillaceous dolomite, and
other mixed rocks, intercalated with thin explosive facies volcanic rocks; the third member
is predominantly composed of sedimentary clastic rocks with fine lithology [27,28]. The
shale oil reservoirs of the Fengcheng Formation are mainly restricted by sedimentary facies,
diagenesis, and tectonic activities, in which the sedimentary facies developed a transgres-
sive to regressive water model, and the shore-shallow lake and semi-deep lake sedimentary
facies provided a large number of source rocks; evident dissolution considerably enhances
reservoir character and provides space for shale o0il occurrence; strong tectonic activity
produced numerous micro-fractures and routes for the migration of oil and gas, forming a
good shale oil reservoir, thus showing that the Fengcheng Formation shale has enormous
potential for shale oil [35,36].

Study area
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Figure 1. Regional tectonic location of Hashan area and the stratigraphic column of the Permian
Fengcheng Formation: (a) Location of the Junggar Basin within China. (b) Tectonic location of Hashan
area in northwestern margin of Junggar Basin. (c) lithostratigraphic column of Permian Fengcheng
Formation of well HSX1.
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3. Methods and Theories
3.1. Samples and Experiments

Seven shale samples were collected from well HSX1 of the Fengcheng Formation. A se-
ries of experiments were conducted, including total organic carbon (TOC), X-ray diffraction
(XRD), scanning electron microscopy (SEM), and low-temperature N, adsorption (NGA).

The shale samples were crushed to 100 mesh and tested for TOC content using a
LECO-CS-230 carbon/sulfur analyzer. The entire rock and clay mineral components of
shale were analyzed by a D8 DISCOVER X-ray diffractometer. The instrument radiates
with ka as a parameter and measures at a speed of 2(°) (20)/min in the range of 2.6-45° (26).
The emission and scattering slits are 1°, the acceptance slit is 0.3 mm, and the sampling
width is 0.02° (26). The test was carried out according to the standard SY/T 5163-2018
Method for X-ray diffraction analysis of clay minerals and common non-clay minerals in
sedimentary rocks.

A Phenom Pro X desktop scanning electron microscope was used for imaging pore
morphology. The samples were cut perpendicular to bedding first, then mounted on a
short column, and polished of the surface. The surface was further polished by argon ion
to obtain a flat surface. The resolution of SEM image is better than 6 nm, with an optical
amplification of up to 350,000 times. And the backscattered images and energy spectrum
scanning at appropriate points was also conducted.

The shale low-temperature N, adsorption experiment was performed using a Mi-
cromeritics ASAP 2460 specific surface area and porosity analyzer. Shale samples were
first crushed to grain sizes of 40-60 mesh (0.18-0.25 mm), then residual oil in shale pores
was removed using dichloromethane and acetone solution (3:1 in volume) for 7 days at a
pressure of 0.2 MPa and temperature of 80 °C and dried at 110 °C for 24 h in a vacuum
oven. Finally, N, adsorption-desorption isotherms at 77 K were obtained in the relative
pressure (p/po) range of 0.01 to 0.993. In this study, the total pore volume (PV), specific
surface area (SSA), and average pore diameter (d,) were all obtained from the adsorption
branch. According to the pore size of shale, the pore classification method of IUPAC was
used in this paper: micropore (<2 nm), mesopore (2-50 nm), and macropore (>50 nm).

3.2. Fractal Dimension

Shale is a porous medium with a complicated microscopic pore structure and shale
pores are dispersed throughout three-dimensional space. Thus, it is challenging to ac-
curately characterize the complexity and variety of the shale micro-pore structure. By
employing the adsorption theory, Pfeifer et al. [37] proved that the pores in rock reservoirs
have fractal characteristics. According to Krohn [38], the pores in shale and sandstone
show fractal characteristics. As a result, the fractal theory is applied to describe the het-
erogeneity of the microscopic pore structure of shale, which also offers a novel method for
quantitatively assessing the pore structure complexity.

This study realized the fractal analysis of pores through the FHH (Frenkel-Halsey—Hill)
model based on the adsorption branch [39-41]. The calculation of single fractal dimensions
can be described as follows:

v po
In(—) = Alln(In(—))]+C 1
(35) = Alin(in(C 1)) ©)
where P represents the equilibrium pressure and V represents the adsorbed gas volume
at equilibrium pressure; Vy is the volume of monolayer N, adsorption; Py denotes the
saturated vapor pressure of nitrogen at 77 K; C is a constant and A is the slope. The slope A

can be used to determine the single fractal dimension D.
D=A+3 )

The equation above has been frequently used [40—42].
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The multifractal model is an extension of fractal theory, and the generalized fractal
dimension ¢-Dgq is a method to describe local multifractal characteristics. It needs to
determine two parameters, the mass probability p; (¢) and the generalized fractal dimension,
Dy. The key step is to use the box-counting method to deal with the N; adsorption in
different intervals as the research object to analyze the heterogeneity of pore distribution.
The length L of the study interval is divided into 2¥ boxes of the same size according to the
dichotomy principle, and the size of e is L x 27k (k=0,1,2,...), and different box sizes
¢ are defined as p; (¢). By employing this technique, the local distribution characteristics
within the study object are quantitatively described [15,17]. The p; (¢) can be quantified as:

®)

where N; (¢) represents the Ny adsorption amount in the ith box, Nj is the total N, adsorption
amount, p; (¢) stands for the ith box’s mass probability function, D, can be expressed as:
N(e) g

8L X pi(e)]

1=

a1 1
Dy = }Y%q -1 Ig(e) @

where g is the order of statistical moments, and the change of its data reflects the probability
distribution characteristics of the research object. D, represents the complexity of shale
fractal structure at different local levels. The value of D, represents the characteristics of
the pore heterogeneity in the low-porosity region when g < 0, and the value of D, stands
for the nature of the pore heterogeneity in the high porosity region when g > 0. The D,
value with a step size of 2 is calculated according to the above formula and can draw the
generalized dimensional spectrum through a series of data points of g and D,,.

a~f (a) is another basic mathematical tool for describing the local characteristics of
multifractality, called the multifractal spectrum. p; (¢) can also be defined by an exponential
function of the following form for each box of size ¢ as:

pi(e) ~ e ®)

where g; can reflect the local singular strength and represents the size of the region proba-
bility. Additionally, N, (¢) stands for the quantity of singular strength boxes between 4 and
a + da, and it has the following relationship with e:

Na(e) ~ef@, e -0 (6)

a and f (a) can be determined using the CHHABRA and JENSEN methods [43], the
formulas are as follows:

N(e)
El [ui(q,€)lge]

a(q)oo Ige @)
N(e)
,;1 [ui(q,€)Igui(q, €)]
f(a)oo= e )
wlg o) = ©
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The partition function that is the denominator in Equation (9) for multifractals is
written as:

=

)
x(q,e) = ) pil(e) (10)
i=1
For a certain statistical moment order g, a mass exponential function is one that meets
the conditional criterion x(g, ¢)coe’(?), if i(q) and g are convex functions, it indicates that
the research object has multifractal properties.

4. Results
4.1. Mineral Compositions of Shales

The results of XRD show that the minerals of the studied shales are mainly composed
of quartz, calcite, clay minerals, and plagioclase (Table 1). Quartz contents range from 5.59%
to 71.64%, with an average of 42.75%. Calcite content varies from 11.16% to 57.16%, with a
mean of 23.01%. Clay minerals range from 7.93% to 19.56% (mean 15%), and the content of
plagioclase is between 4.05% and 28.04% (mean 13.99%). In addition, shales also contain
tiny amounts of pyrite and potassium feldspar. The studied shales are characterized by
low clay and high brittle minerals, and the brittle minerals (quartz and feldspar) average
60.72%, with a maximum of 78.18% (Figure 2).

Table 1. Mineral compositions of shale samples.

Whole Rock Mineral/%

Sample Depth/m

Quartz Potash Feldspar Plagioclase Calcite Pyrite Clay
HSX1-1 3345.10 51.50 0.00 13.49 17.63 3.06 14.33
HSX1-2 3345.50 43.72 0.00 12.41 21.16 3.29 19.42
HSX1-4 3347.00 36.79 4.80 15.57 18.53 4.76 19.56
HSX1-6 3348.90 5.59 3.29 11.22 57.16 293 19.81
HSX1-7 3424.22 51.07 0.00 13.18 24.18 3.65 7.93
HSX1-8 3349.55 71.64 1.58 4.05 11.29 1.16 10.27
HSX1-12 3352.22 38.94 5.08 28.04 11.16 3.10 13.68

Quartz+Feldspar (%) g
10

o Fengcheng Formation

100
Calcite (%)

Clay mineral (%)0 ¢
100 75 50 25 0

Figure 2. Shale sample mineralogical composition ternary diagram.

4.2. Shale Pore Types

The primary pore types of the selected shales are intergranular pores between quartz
and carbonate and the intragranular pores in clay mineral aggregates. However, intergran-
ular pores between feldspar are less developed, and organic matter (OM) pores are rare.
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Therefore, inorganic pores constitute the main storage space for shale oil (Figure 3). The in-
tergranular pores between quartz particles appear as irregular polygons and triangles, with
significant variations in pore size (Figure 3a,b). The intergranular pores between calcite
particles are characterized by irregular spherical and crescent shapes (Figure 3d,e). Addi-
tionally, intergranular pores related to feldspar show narrow shapes (Figure 3c). The pores
within the clay mineral are developed in the flocculent aggregates with more complex pore
shapes and vary greatly due to the serious deformation by compaction. However, these
pores have poor connectivity with each other due to the small pore diameters (Figure 3f).
Therefore, it can be concluded that the primary pore types are intergranular pores, such
those associated with quartz and carbonate, which significantly increase reservoir space,
while intragranular pores in clay minerals contribute less to reservoir space.

Figure 3. Types of shale reservoir space from Fengcheng Formation: (a,b) Interparticle pores at the
edge of quartz. (c) Interparticle pores at the edge of feldspar. (d,e) The intergranular pores between
calcite particles. (f) Intraparticle pores at the inside of clay minerals.

4.3. Micropore Structures of Shales
4.3.1. N Adsorption—Desorption Isotherms

According to the latest classification recommended by IUPAC [44], the studied shales
belong to the typical type IV isotherm. The N, gradually adsorbs on the pore surface,
forming the adsorption branch. As the pressure decreases, the nitrogen gradually desorbs
on the surface of the shale, forming the desorption branch. With the increase of the relative
pressure, the nitrogen adsorption capacity gradually increased, and finally, all samples did
not reach adsorption saturation. Additionally, when the relative pressure is less than 0.45,
the adsorption and desorption curves almost overlap. However, the desorption curve is
higher than the adsorption curve when the relative pressure is greater than 0.45, forming a
hysteresis loop that can effectively indicate the predominant pore shapes in shale.

According to the shape of the hysteresis loop of N, adsorption—desorption isotherms,
the seven shale samples examined can be classified as Types H3 and H2-H3. The adsorption—
desorption isotherms of Type H3 shales show a slowly rising trend when the relative
pressure is in the range of 0~0.5, and increase abruptly when the relative pressure is close to
po, indicating a narrow hysteresis loop associated with the parallel plate pores (Figure 4b).
For Type H2 shales, when the relative pressure is close to 0.5, the desorption branch has a
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clear inflection point and forms a hysteresis loop, reflecting the ink bottle-shaped pores.
However, for Type H2-H3 shales, the desorption branches are visibly convex and form
hysteresis loops, implying that the ink bottle and slit pores occur concurrently (Figure 4a).
Slit pores are relatively developed, which is similar to the study of Jiang. et al. [45].
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Figure 4. N, adsorption-desorption isotherms of shales from Fengcheng Formation: (a) Nitro-
gen adsorption-desorption isotherms of Type H2-H3 shales. (b) Nitrogen adsorption-desorption
isotherms of Type H3 shales.

4.3.2. Microscopic Pore Structures

The SSA of the seven samples ranges from 0.5971 m?/g to 1.7765 m? /g, with an aver-
age of 1.0927 m?/g. The PV values are between 3.84 x 1073 cm3/gand 9.09 x 1073 cm3/g,
with an average of 5.92 x 1072 cm3/g, and the d, varies from 18.99 nm to 32.99 nm, with a
mean of 26.74 nm (Table 2). The H2-H3 shale has a relatively high SSA and a relatively low
da. Types H3 and H2-H3 shales have similar PV, with mean values of 5.77 x 1072 cm3/g
and 6.12 x 1073 cm3/g, respectively.

Table 2. Pore structure parameters of shale from Fengcheng Formation.

Pore Parameters of Study Samples from N, Adsorption

Sample BET SSA/ Pore Volume Average Pore Loop Tvpe
(m?/g) 10-3 (cm3/g) Diameter/nm P 1yp

HSX1-1 0.5971 4.48 3247 H3
HSX1-2 1.5058 5.80 19.57 H2-H3
HSX1-4 0.6390 3.84 26.78 H3
HSX1-6 1.1829 6.30 2421 H2-H3
HSX1-7 1.1824 9.09 32.99 H3
HSX1-8 0.7649 5.67 32.16 H3
HSX1-12 1.7765 6.26 18.99 H2-H3

The PV of shale samples is mainly contributed by meso- and macropores. The meso-
pore PV accounts for 44.15% to 57.17% of the PV, with an average of 50.15%. The macropore
PV accounts for 41.65% to 55.05% of the PV (mean 48.84%), while the micropore PV con-
tributes the least, on average, 1.01% (Figure 5). H3 shales have high macropore contents,
ranging from 51.53% to 55.05%; conversely, the mesopore content of H2-H3 shale is higher,
varying from 41.65% to 46.23%. The SSA of shale is mainly constituted of mesopores,
ranging from 73.04% to 82.23%, with a mean of 77.01%. The proportion of micro- and
macropores is similar, with mean values of 11.46% and 11.53%, respectively (Figure 5).
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Figure 5. N, adsorption total pore volume and BET SSA of shales from Fengcheng Formation.

The N, adsorption pore size distribution of shale samples is illustrated in Figure 6.
The Type H2-H3 shales exhibit two peaks, the right peak at about 70 nm and the left peak
at 3 nm. The Type H3 shales exhibit a single peak at 70 nm. It can be concluded that the
content of macropores in Types H3 and H2-H3 shales is very high, while Type H2-H3 shales
develop a small number of micro- and mesopores (Figure 6).

10 10
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Figure 6. Pore size distributions of the Fengcheng Formation shales from N; adsorption: (a) The N,
adsorption pore size distribution of Type H2-H3 shales. (b) The N, adsorption pore size distribution
of Type H3 shales.

4.4. Fractal Characteristics of Microscopic Pore Structure
4.4.1. Single-Fractal Characteristics

N, adsorption fractal theory is commonly used to characterize the heterogeneity of
shale microscopic pore structure. At a relative pressure (p/pg) of 0-0.5, the fractal dimension
is represented by Dy, reflecting the complexity of the shale pore surface morphology. At a
relative pressure (p/pg) of 0.5-1.0, the fractal dimension is represented by D;, representing
the complexity of the shale pore structure [41] (Figure 7). Where D is between 2 and
3, the surface of the shale sample is rougher and the pore structure is more complex as
the fractal dimension D approaches 3; the pore structure of the shale is simpler as D
approaches 2 [46,47]. The D; of the studied shales ranges from 2.3752 to 2.5371, with an
average of 2.4644, and the D, varies from 2.3596 to 2.5337, with a mean value of 2.4355
(Table 3). In general, the H3 shale has a lower fractal dimension, Dy, indicating a simpler
pore structure.

4.4.2. Multi-Fractal Characteristics

According to the sample HS5X1-1, the log-log plot of the partition function x (g, €)
and the length scale € shows a clear linear correlation (Figure 8a); i (7) exhibits a strictly
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monotonically increasing trend; and D, exhibits a strictly monotonically declining curve
with an increase in g (Figure 8b,c). The relationship between a and f (1) in the multifractal
spectrum displays an image of a convex function (Figure 8d). All of the above indicates
that the shale pore structure has multifractal characteristics.

The D; spectrum can indicate differences in the internal distribution of shale pore
size, and the D, width D_19—Djo depicts pore spatial heterogeneity across the whole
pore size range (1-200 nm) [17]. The strength of pore structure heterogeneity depends on
the difference between the D‘7 value and Dq = 1. The larger the difference, the stronger
the heterogeneity, and vice versa. According to Table 4, when g < 0, it reflects the pore
distribution of small pore size, indicating the pore distribution characteristics of low
porosity area. For example, H5X1-4, HSX1-7, and HSX1-8 have low heterogeneity. When
g > 0, it reveals the pore distribution characteristics of the medium and high porosity area.
And HSX1-1, HSX1-4, HSX1-7, and HSX1-8 have high heterogeneity.

T
| |

| HSX1-2 |—e— HSX1-1
I—e— HSX1-6
:—0— HSX1-12 1+

p/p=0.5| Pp=0.5
|

=}
-
[
|
| w
5
|
b
|
aF
|
wl

6 -5 -4 -3 -2 -1 : -2 -1 0 1 2
In(In(p,/p)) In(In(p,/p))
H2-H3 Type H3 Type

Figure 7. Fractal calculation results from In (V) vs. In (In (p/py)) of N, adsorption from shales.

Table 3. Fractal dimensions derived from the FHH model.

0<plpy <05 0.5 < plpp <1.0
Sample ores .
Fitting Equation R? D4 Fitting Equation R? D,

HSX1-1 y = —0.6248x — 1.5672 0.9664 2.3752 y = —0.6238x — 1.7586 0.9945 2.3762

HSX1-2 y = —0.4629x — 0.636 0.9997 2.5371 y = —0.4691x — 0.6545 0.9941 2.5309

HSX1-4 y = —0.5469x — 1.5122 0.9676 2.4531 y = —0.566x — 1.6463 0.9942 2.4340

HSX1-6 y = —0.4731x — 0.8812 0.9995 2.5269 y = —0.5665x — 1.0181 0.9933 2.4335

HSX1-7 y = —0.5576x — 0.9124 0.9810 2.4424 y = —0.6192x — 1.0469 0.9914 2.3808

HSX1-8 y = —0.5605x — 1.3506 0.9759 2.4395 y = —0.6404x — 1.5487 0.9888 2.3596

HSX1-12 y = —0.5232x — 0.4937 0.9990 2.4768 y = —0.4663x — 0.5300 0.9936 2.5337

Table 4. Parameters from fractal dimension spectra of all samples.

sample D() D—l() DlO D—107D0 D() 7D10 D_107D10 H a_1o aio
HSX1-1 1.000 1.626 0.025 0.626 0.975 1.601 0.523 1.848 0.055
HSX1-2 1.000 1.684 0.058 0.684 0.942 1.626 0.552 1.799 0.052
HSX1-4 1.000 1.367 0.039 0.367 0.961 1.328 0.536 1.403 0.035
HSX1-6 1.000 1.650 0.047 0.650 0.953 1.603 0.543 1.765 0.043
HSX1-7 1.000 1.325 0.033 0.325 0.967 1.292 0.529 1.439 0.029
HSX1-8 1.000 1.300 0.034 0.300 0.966 1.266 0.530 1.349 0.030
HSX1-12 1.000 1.728 0.061 0.728 0.939 1.667 0.554 1.848 0.055
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Figure 8. Multifractal analysis of N, adsorption: (a) The log-log plot of the partition function versus
the box scale. (b) The relationship between the mass scaling function and the statistical moment
order of all samples. (c) The generalized fractal dimension spectra of all samples. (d) The multifractal
singularity spectra of all samples.

The multifractal singular spectrum a~f (a) exhibits a “U’ type distribution with a right
hook form, the a;9 values of shale samples are concentrated, and the a_;y values show
a right hook shape. It shows that the multifractal spectrum reflects the pore low value
information of shale sample.

5. Discussion
5.1. Influencing Factors of Microscopic Pore Structures

According to previous studies, the factors affecting the development of shale reservoir
pores are complex and controlled by many factors [48-51]. Sedimentation and tectonic
evolution are macro factors affecting pore development, while the mineral composition
and OM content are direct factors affecting pore structure [49,52].

The TOC content is negatively correlated with PV and SSA (Figure 9a,b), demon-
strating that OM contributes less to the pore volume. The SSA exhibits a weakly positive
correlation with plagioclase but a negative correlation with quartz content (Figure 9c).
Micro- and mesopore volumes are negatively connected with quartz contents, while macro-
pore volume is the opposite (Figure 9d-f). It demonstrates that macropores are mainly
related to quartz, with the peak at about 70 nm in PSDs, because of the stable physical and
chemical properties of quartz. Plagioclase and clay mineral contents are weakly positively
correlated with micro- and mesopore volumes but weakly negatively related to macropore
volume (Figure 9d—f), indicating that micro- and mesopores are primarily associated with
plagioclase and clay minerals.
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Figure 9. Influencing factors of shale pore structures from Fengcheng Formation: (a) Relationship
between PV and TOC. (b) Relationship between SSA and TOC. (c) Relationship between SSA and
percentage of minerals. (d) Relationship between micropore volume and percentage of minerals.
(e) Relationship between mesopore volume and percentage of minerals. (f) Relationship between
macropore volume and percentage of minerals.

5.2. Influencing Factors of Fractal Dimension
5.2.1. Single-Fractal Dimension

The relationships between pore structure parameters and fractal dimension are dis-
played in Figure 10. A positive correlation between D; and SSA indicates that larger SSA
leads to a more complex microscopic pore structure of shale. A negative correlation between
D, and d, indicates that a larger d, leads to a simpler microscopic pore structure of shale.
Positive correlations between D, and micropore PV and mesopore PV values show that
large micro- and mesopore PVs correspond to a higher D, value and a complex microscopic
pore structure. However, macropore PV is negatively correlated with D;. Therefore, larger
SSA and smaller d, reflect a more complex pore structure or rougher pore surface.
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Figure 10. Influencing factors of single-fractal dimension: (a) Relationship between D, and SSA.
(b) Relationship between D, and d,. (c) Relationship between D, and clay content. (d) Relationship
between D, and plagioclase content. (e) Relationship between D, and quartz content. (f) Rela-

tionship between D, and micropore volume. (g) Relationship between D, and mesopore volume.

(h) Relationship between Dy and macropore volume.

A higher content of quartz implies a higher content of macropores; the higher con-
tents of plagioclase and clay minerals mainly correspond to larger contents of micro- and
mesopores. Therefore, both plagioclase and clay minerals have a weak positive affectivity
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influence on the heterogeneity of micro- and mesopores (Figure 10c,d,f,g), and quartz has a
positive effect on the heterogeneity of macropores (Figure 10e,h).

5.2.2. Multi-Fractal Dimension

The multifractal parameter D_19—Djy mainly represents the difference in the low
porosity distribution. Since the pore size distribution of Type H2-H3 shales has a peak at
about 3 nm and has a significant D_1yp—Dy value (Figure 8c), it shows that the enhancement
of low porosity heterogeneity of H2-H3 shale is caused by more mesopores.

For the pores parameter of these samples, D_19—Dy has a positive correlation with
clay and plagioclase (Figure 11a,b), as well as micro- and mesopore content (Figure 11d,e);
both quartz and mesopore contents have positive correlations with Dy—D1g (Figure 11c,f).
The multifractal properties show that quartz was found to increase pore heterogeneity
while plagioclase and clay have an opposite effect.
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Figure 11. Influencing factors of multi-fractal dimension: (a) Relationship between D_1yp—Djy and
clay content. (b) Relationship between D_1p—Dy and plagioclase content. (c) Relationship be-
tween Dy—Dyg and quartz content. (d) Relationship between D_19—Dj and micropore volume.
(e) Relationship between D_1yp—Dg and mesopore volume. (f) Relationship between Dy—D1y and
macropore volume.
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5.2.3. Adaptability Analysis of Fractal Dimension

As correlation analysis is performed on the D, and the multifractal parameters
D_lo—Do, Do—Dlo, and D—lO_DO/ results show that D—lO_DO and D_10—D10 exhibit
a strong positive correlation and Dy—D1g and D_1p—Djg exhibit a negative correlation
(Figure 12a,b). Thus, the pore development in the low-value area plays a leading role in
the overall pore heterogeneity of shale. D, has a good positive correlation with D_19—D
and a negative correlation with Dy—D1g characterized by a larger correlation coefficient
(Figure 12¢,d), indicating that D, can effectively characterize the heterogeneity of meso-

porous pore distribution.
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Figure 12. Analysis of single-fractal and multiple-fractal correlation: (a) The correlation analysis
of D_19—Djg versus D_19—Dy. (b) The correlation analysis of D_19—D1g versus Dy—Djg. (c) The
correlation analysis of D_19—Dy versus D;. (d) The correlation analysis of Dy—D1g versus Dj.

6. Conclusions

Through a series of experiments and fractal theory, pore structure characteristics and
the heterogeneity of the Fengcheng Formation shales were investigated. The following
conclusions were drawn:

Two types of pore occurred in the studied area: interparticle pores and intraparticle
pores. There were intergranular pores at the edge of quartz and calcite particles, clay
mineral intragranular pores were the major pore types and contributed significantly to
the reservoir space. The N; adsorption curves of shale are characterized as Types H3 and
H2-H3. The SSA of Type H2-H3 shales is relatively high, and the d, is relatively low. Type
H3 shale PSDs are unimodal, with a peak at about 70 nm, while Type H2-H3 shales are
bimodal, with peaks at about 70 nm and 3 nm, respectively.

The fractal dimensions, D,, of H3 shales are lower, indicating simpler pore structures.
In the multi-fractal spectrum, the D_19p—Dy value of H2-H3 shale is higher, which reflects
that the heterogeneity of the low-value pore area is higher, and the Dy—Dj of H3 shale is
higher, indicating that the heterogeneity of the high-value area of H3 shale is higher.
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The relationship between pore structure parameters and mineral composition and
D, shows that the higher the content of micro- and mesopores and the specific surface
area, the lower the content of macropores and d,, and the more complex the microscopic
pore structure of shale. The relationship between mineral components and multifractals
shows that the effect of plagioclase and clay minerals on the heterogeneity is reflected
in the positive effect on micro- and mesopores, and quartz has a positive effect on the
heterogeneity of macropores.

The strong correlation between D_19—Dg and D_19—Djg suggests that the pore de-
velopment in the low-value area plays a leading role in the overall pore heterogeneity of
shale. Additionally, the correlation between D, and Dg—Dq is high, indicating that single
fractal D, can effectively characterize the heterogeneity of mesoporous pore distribution.
Therefore, the comprehensive application of single fractals and multifractals can effectively
describe the characteristics of shale micropore structure.
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