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by the pore structure of shale is very important. Low-temperature e LT = L
nitrogen isothermal adsorption experiments were conducted by us = -
to investigate the pore structure of the Dalong Formation shale.

We measured the specific surface area and fractal dimension of the o :
pores and also considered the mineral fraction and organic matter Karas ——
content of the rock. The results show that the Dalong Formation
shale contains a lot of organic carbon, with a total organic carbon
(TOC) value between 1.20 and 10.82% (mean: 5.02%). Quartz
and clay minerals are the main components of the shale, with . * . .
quartz making up 40.30 to 85.60% (mean: 67.21%) and clay | _— D\‘\ T s
minerals making up 9.20 to 34.10% (mean: 20.26%) of the shale. . PN e

Most of the pore space in the shale of the Dalong Formation is

formed by intragranular and intergranular pores, organic matter pores, and some microfissures. The pore structure is complex, with
parallel-plate and ink-bottle pores being the most common types. Most of the pores are 0—2 or 2—5 nm in size. D; and D, are the
fractal dimensions, with averages of 2.66 and 2.81, respectively. D, can range from 2.55 to 2.78, while D, can range from 2.66 to 2.94.
The TOC content, mineral composition, and pore structure characteristics determine the fractal dimension. Higher levels of the
TOC content, quartz mineral content, and specific pore surface area result in a higher fractal dimension, while higher levels of
feldspar content result in a lower one. There is no apparent correlation to clay minerals or other mineral compositions.
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1. INTRODUCTION theory, which is an effective method.'>'” In the study of shale

Shale gas is an important renewable energy source with low pores, scholars are increasingly applying the fractal theory.

carbon emissions, high efficiency, and wide applications.l’z As Calculation methods for the fractal dimension of shale pores

the global economy and technology advance, shale gas research include Fr enkel—Halfey—Hill (FHH)1,4_1\II$wt0n—Kantorovich
and development has become a prominent topic in the energy (NK), and Wang—Li (WL) models. The FHH model

sector. Shale gas has the unique property of self-generation and combined with nitrogen adsorption data is commonly used due
self—storage,3’ as shale acts as both a hydrocarbon source rock to its simplicity and reliable results.'*™**

and a reservoir layer.” Shale gas reservoir research requires a China possesses abundant shale gas resources. It is mainly
good understanding of the shale pore structure. Various concentrated in the Longmaxi Formation in the Sichuan Basin
laboratory testing technologies and experimental methods and its periphery. This is where China’s shale gas development is
have been used to characterize shale pore structure,” " including focused.”” The successful drilling of shale gas in the Dalong
scanning electron microscopy (SEM), nano-computed tomog- Formation shale in western Hubei suggests that it is a potential
raphy, high-pressure mercury injection, gas adsorption (N, and new area for exploration and development.”* A muddy silica
CO,), nuclear magnetic resonance, and neutron small-angle shale mainly makes up the Longmaxi Formation shale, which has
scattering. 44.5% quartz and 34.7% clay minerals on average.”””>® The

The complex and heterogeneous pore structure of shale poses
challenges for characterization. However, the fractal dimension
provides a quantitative approach to describe this characteristic.
Fractal dimension was initially introduced by B.B. Mandelbrot
for studying the coastline of Britain and has since been applied to
various scientific fields.” The pore structure of shale was
investigated by Avnir and Krohn using molecular adsorption and
SEM techniques, and they discovered its fractal features.'”""
The pore structure of coal and sandstone is described by fractal

silica content of the Dalong Formation shale is higher (59.8% on
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Figure 1. (a) Late Permian global paleogeographic map [adapted with permission from ref 38 Copyright (2017) (Elsevier)] and (b) late Permian
lithofacies paleogeography of the South China plate [adapted with permission from ref 39 Copyright (2023) (Elsevier)]. (c) Modern tectonic map of
western Hubei [adapted with permission from ref 40 Copyright (2020) (Elsevier)].

average) and the clay minerals are lower (16.6% on average)
than the Longmaxi Formation shale.”””*' The Dalong
Formation silica shale has been studied for its geochemical
features, depositional setting and reservoir properties in previous
research,”*”* and according to Wu et al., the Dalong Formation
has a high amount of quartz that originated from living
organisms.”* The effects of abundant siliceous minerals and
scarce clay minerals on the Dalong Formation shale reservoir
features are still unclear.

In this study, the western Hubei shale of the Dalong
Formation is investigated. Using low-temperature nitrogen
isothermal adsorption experiments, we study the pore structure
of the shale, combined with petrology, organic and inorganic
geochemistry tests, and SEM observations. We calculate the
fractal dimension of shale pores by the FHH model and examine
its factors. Our results can offer useful guidance for shale gas
exploration and development in our region.
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2. GEOLOGICAL SETTING

The West Hubei Basin was formed during the middle to late
Permian period. At that time, the South China plate, located in
the western part of Pangaea near the Palaeoequator, faced the
Palaeotethys Ocean in the east’>*® (Figure 1a). Before the basin
formed, the crust in western Hubei experienced uplift and
erosion during the early late Carboniferous period, resulting in
the majority of the area becoming land. In the early Permian
period, a marine transgression occurred, creating a clastic coastal
environment that gradually transformed into a restricted
carbonate platform sea during the middle to late Permian
period. The formation of the basin ceased in the late Permian
period when the crust experienced another round of uplift and
erosion. Subsequently, in the early Triassic period, the basin was
flooded by seawater, forming a clastic coastal area.””

https://doi.org/10.1021/acsomega.3c09085
ACS Omega 2024, 9, 11718-11729
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Table 1. X-ray Diffraction Mineral Analysis Results and TOC Content of the Dalong Formation Shale

sample TOC % quartz % plagioclase %

ESHP-BO 1.68 82.10

ESHP-B3 3.82 83.10

ESHP-B9 10.82 69.90 1.00
ESHP-B24 4.21 76.80 4.30
HD1-B7 5.10 47.80 4.40
HDI1-T4 1.20 40.50 4.60
HD1-T14 1.82 40.60 7.40
HD1-T24 6.15 53.50 6.60
SHP-B3 10.16 83.20 1.00
ESP-B6 4.71 82.50 1.60
ESP-B9 4.78 85.60 1.70
HQP-B6 3.22 40.30 26.10
HZP-B3 7.62 65.10 3.30
MHPP-B3 79.00

MHPP-BS 79.70

MHPP-B1S 65.60 6.40

calcite % dolomite% pyrite % clay %
17.90

16.90

29.10

2.50 16.50

25.20 6.50 16.10
10.60 6.30 4.00 34.10
37.30 3.50 2.10 9.20
2.50 2.70 8.20 26.40
2.80 13.00

15.90

0.80 11.90
33.60

4.40 27.20

21.00

2.40 18.00

10.70 17.40

The West Hubei Basin was enclosed by platforms on three
sides and linked to the wide ocean by a thin sea inlet in the north
during the late Permian. This created a semiclosed sedimentary
environment (Figure 1b).*' The West Hubei Basin was a
residual basin that underwent reconstruction and super-
imposition by various types of prototypical basins."* Unlike
other areas of South China dominated by carbonate rocks, the
sediments in the West Hubei Basin mainly consisted of deep-
water silica-rich shale of the Dalong Formation.”® The main
lithologies in the basin included silica-rich mudstone, argilla-
ceous lime mudstone,”*** and organic-rich mudstone. These
gradually transformed into Permian limestone from the center to
the surrounding platforms.*"**

The study region lies in the middle of the Western Hunan—
Hubei fold fault zone, adjacent to the Sichuan Basin.** Strong
deformation occurred in the area due to the Yanshan fold
movement at the end of the Jurassic, resulting in a northeast-
oriented fold and fault structure (Figure 1c). There are three
main faults around the study area: the Qiyueshan fault in the
northwest, the Tianyangping-Jianli fault in the northeast, and
the Cili-Baojing fault in the southeast. The geological tectonic
units in the study area are as follows from the northwest to
southeast: Lichuan synclinorium, central anticlinorium, Hua-
guoping synclinorium, Yidu-Hefeng anticlinorium, Sangzhi-
Shimen synclinorium, and Jiangnan Xuefeng nappe uplift in the
southeast.

3. SAMPLES AND METHODS

This study analyzed 16 shale samples from the section and
drilling of the Dalong Formation in western Hubei. Among
them, HD1-B7 (1281.5 m), HD1T4 (1246.52—1246.62 m),
HDI1-T14 (1260.71—1260.79 m), and HD1-T24 (1273.60—
1273.71 m) were collected in well HD1, and the remaining
samples were collected in outcrops. The microstructure
components of the samples were observed using an optical
microscope and SEM. SEM analysis was performed at the SGS
(Beijing) laboratory. The instrument used was an FEI-200 F
scanning electron microscope, and the method followed was the
SY/T5162-2014 analysis method. The samples were observed in
secondary electron and backscattered modes.

X-ray diffraction was used to analyze the mineral composition
of the samples. The American Leco CS230 carbon and sulfur
analyzer was used to measure the total organic carbon (TOC)

11720

content of the samples. The sample preparation involved
crushing and sieving, placing it in a sample bag, and labeling it.
To convert the TOC to carbon dioxide, the sample was burned
in a high-temperature oxygen flow after removal of the inorganic
carbon with dilute hydrochloric acid. An infrared detector was
used to detect the TOC content.

To characterize the pore structure parameters of shale, a low-
temperature nitrogen adsorption experiment was performed.
The experimental instrument was an Autosorb-IQ3. Before the
experiment, the sample was ground to 60 mesh by using agate.
To remove moisture, the sample was dried at 110 °Cfor 12hina
vacuum environment. Then, at a temperature of 77.4 K and a
relative pressure range of 0.010—0.998, a low-temperature
nitrogen adsorption experiment was performed. By applying the
nonlocal density functional theory (NLDFT) method to the
nitrogen adsorption results, the pore specific surface area (SSA),
pore volume, and pore size distribution are calculated. The
NLDFT model is calculated by SAIEUS software. The analytical
models are carbon-N, NLDFT standard slit. The FHH model is
applied to calculate the fractal dimension.

4. RESULTS

4.1. TOC and Mineral Components. Despite undergoing
major tectonic shifts throughout its history, the Dalong
Formation still has a lot of TOC in its shale samples. The
TOC levels varied from 1.20 to 10.82% with a mean of 5.02%.
The minerals in the samples were identified by X-ray diffraction,
and the findings are in Table 1. Quartz and clay minerals are the
dominant minerals in the shale samples from the Dalong
Formation, with minor amounts of calcite, dolomite, pyrite, and
teldspar. The quartz levels varied from 40.30 to 85.60%, with a
mean of 67.21%, and the clay mineral levels varied from 9.20 to
34.10%, with a mean of 20.26%. The pyrite content had an
average of 4.11%.

4.2. Pore Morphology from SEM. Shale reservoirs’
physical properties are primarily influenced by pore types and
structural characteristics, which can be observed using SEM.
Scholars have proposed different classification schemes for shale
pores, with the most widely used being the three-end member
classification scheme by Loucks in 2012. This scheme
categorizes pores into intra-, inter-, and organic pores. All
three kinds of pores are found in the Dalong Formation shale, as
shown by SEM analysis of the matrix pores and particles.

https://doi.org/10.1021/acsomega.3c09085
ACS Omega 2024, 9, 11718-11729
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Figure 2. Pore morphology of the Dalong Formation shale: (a) organic matter is filled in intergranular pores; (b) organic matter encapsulates mineral
particles and develops organic matter pores inside; (c) nanoscale micropores in organic matter; (d) smooth pores inside the organic matter; (e)
intergranular pores of minerals; (f) intergranular pores of mineral particles and internal cracks of organic matter; (g) lamellar minerals and their
interlamellar gaps; (h) intergranular pores of pyrite and pyrite minerals; (i) kaolinite intercrystalline pore of clay mineral; (j) dissolution pores; (k)
internal dissolution pores of siliceous minerals; (1) internal dissolution pores of iron minerals.
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Figure 3. N, adsorption—resolution isotherms for shales of the Dalong Formation.

The silica shale of the Dalong Formation contains a lot of
organic matter, and SEM observations show that a significant
amount of organic matter is deposited between mineral particles
(Figure 2a) or encapsulated by them (Figure 2b). Nanometer-
scale pores are abundant in the organic matter, primarily
resulting from the thermal decomposition of organic matter
during diagenesis. This decomposition generates gases and
liquids that leave behind pores.** The Dalong Formation shale
has organic pores of different sizes and shapes, such as bubble-
like (Figure 2d) and crack-like (Figure 2f).

Intergranular pores mainly develop between some rigid
minerals (such as quartz) and minerals that have been
recrystallized during diagenesis. Quartz, as a rigid mineral, can
preserve its pores during diagenesis due to its high compressive
strength (Figure 2e). Mineral layers with a slice-like shape
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(Figure 2g) and pores between pyrite crystals with an irregular
or stripe-like shape (Figure 2h) are also observed. In addition,
there are small amounts of pores between the kaolinite crystals
(Figure 2i).

Diagenetic dissolution commonly generates dissolution pores
in brittle minerals like quartz, feldspar, calcite, and dolomite.*”
The shale of the Dalong Formation contains a limited quantity
of carbonate minerals, which are susceptible to dissolution
during diagenesis, resulting in the formation of dissolution pores
(Figure 2j). Additionally, dissolution pores are observed in
siliceous minerals (Figure 2k) and a small amount of iron
minerals (Figure 2I).

4.3. Analysis Result of N, Adsorption. The nitrogen
adsorption and desorption curves of the shale of the Dalong
Formation are shown in Figure 3. The International Union of

https://doi.org/10.1021/acsomega.3c09085
ACS Omega 2024, 9, 11718-11729
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Figure 4. Pore size distribution curve of the Dalong Formation shale.
Table 2. Pore SSA and Volume Distribution of Shales in the Dalong Formation
sample pore volume (cm®g™! X 107%) pore SSA (m*g™)
micropore mesopore total micropore mesopore total
ESHP-BO 3.20 15.64 18.84 6.08 3.75 9.83
ESHP-B3 4.76 12.45 17.21 10.11 3.83 13.94
ESHP-B9 11.76 27.40 39.16 24.66 9.74 34.40
ESHP-B24 5.20 13.88 19.08 12.44 4.25 16.70
HD1-B7 4.26 9.37 13.63 8.91 3.37 12.28
HD1-T4 1.53 6.01 7.54 3.82 1.52 5.34
HDI1-T14 0.93 10.09 11.02 1.89 1.66 3.55
HD1-T24 1.18 7.32 8.50 2.21 1.45 3.66
SHP-B3 9.23 6.27 15.51 19.70 2.70 22.40
ESP-B6 4.99 14.17 19.16 9.21 4.86 14.07
ESP-B9 4.62 10.09 14.71 6.51 3.32 9.83
HQP-B6 3.48 35.60 39.07 6.04 7.20 13.24
HZP-B3 7.68 15.75 23.43 18.39 S5.11 23.51
MHPP-B3 11.72 24.65 36.36 23.58 8.64 32.21
MHPP-BS 10.06 30.03 40.09 20.51 7.87 28.38
MHPP-B1S 10.50 23.63 34.14 23.69 6.73 30.42

Pure and Applied Chemistry (IUPAC) classification of
adsorption isotherms has six types; the Dalong Formation
shale samples mainly exhibit type-IV isotherms, which indicate
mesoporous adsorbent materials with a noticeable hysteresis
loop. In the adsorption curve, the curve rises sharply when P/P,
< 0.05, rises slowly when 0.05 < P/P, < 0.95, and rises sharply
again when P/Py is close to 1.0. The adsorption and desorption
curves do not overlap when P/P, exceeds 0.45 because of
capillary condensation, which creates a hysteresis loop. The
curve plunges fast at a P/P; of 0.5 and coincides with the
adsorption curve at P/P, below or equal to 0.45. For some
samples (such as SHP-B3 and ESP-B9), there is no closure of the
hysteresis loop at a relative pressure of 0.45.

The pore structure can be inferred from the hysteresis loop’s
shape. The Dalong Formation shale samples mostly fall into two
categories of hysteresis loops: H2 and H3 (Figure 3), out of the
four types defined by the IUPAC. Some shale samples have
hysteresis loops with intermediate shapes that imply mixed pore

11722

structures, and they cannot be clearly assigned to either H2 or
H3.

The Dalong Formation shale samples exhibit different
hysteresis loop types, reflecting their pore structures. Parallel-
plate pores are present in samples ESHP-B9, ESHP-B24, HD1-
B7, ESP-B6, HZP-B3, and MHPP-B3, as shown by their
hysteresis loops that resemble those of type H2. On the other
hand, samples ESHP-B0O, HD1-T4, HD1-T24, and HQP-B6
show hysteresis loops closer to type H3, suggesting that the
pores are ink-bottle-shaped. Additionally, samples SHP-B3 and
ESP-B9 exhibit unclosed hysteresis loops, indicating the
presence of wedge- or cylinder-shaped pores. Mostly, samples
ESHP-B3, HD1-B14, and MHPP-BS show type-H2 hysteresis
loops with some type-H3 features, suggesting a combination of
an ink-bottle and parallel-plate pores.

4.4. Quantitative Characteristics of the Pore Structure.
The Dalong Formation shale samples had their pore structure
analyzed by NLDFT. By use of the pore volume distribution and

https://doi.org/10.1021/acsomega.3c09085
ACS Omega 2024, 9, 11718-11729
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Figure S. FHH model calculations for nitrogen adsorption data from Dalong Formation shales.
Table 3. Calculation Results of Fractal Dimension of Shale Samples from the Dalong Formation
sample P/Py: 0—0.45 P/Py: 0.45—1
ky D=k +3 R k, D=k, +3 R
ESHP-BO —0.3538 2.6462 0.9981 —0.24641 2.75359 0.99681
ESHP-B3 —0.31192 2.68808 0.9949 —0.17232 2.82768 0.98612
ESHP-B9 —0.32451 2.67549 0.99625 —0.15013 2.84987 0.95662
ESHP-B24 —0.32194 2.67806 0.99369 —0.17097 2.82903 0.98211
HD1-B7 —0.31911 2.68089 0.99335 —0.14052 2.85948 0.9697
HD1-T4 —0.22161 2.77839 0.99769 —0.22161 2.77839 0.99769
HD1-T14 —0.41723 2.58277 0.99832 —0.33527 2.66473 0.99524
HD1-T24 —0.38348 2.61652 0.99618 —0.26004 2.73996 0.9970S
SHP-B3 —0.26635 2.73365 0.96497 —0.05838 2.94162 0.9917
ESP-B6 —0.38739 2.61261 0.98695 —0.17343 2.82657 0.96341
ESP-B9 —0.4504 2.5496 0.95808 —0.16384 2.83616 0.99338
HQP-B6 —0.4338 2.5662 0.99974 —0.32605 2.67395 0.99585
HZP-B3 —0.28719 2.71281 0.99067 —0.15522 2.84478 0.97133
MHPP-B3 —0.31964 2.68036 0.98942 —0.14795 2.8520S 0.96062
MHPP-BS —0.31052 2.68948 0.98975 —0.20989 2.79011 0.99396
MHPP-B1S —0.29614 2.70386 0.98828 —0.16529 2.83471 0.99774

the average pore diameter, the pore size distribution was
determined. As Figure 4 shows, the 16 shale samples have
different pore volume distributions. Most samples had a bimodal
distribution of pore diameters, with peaks in the ranges of 0—2
and 2—5 nm. However, some samples, such as SHP-B3 and ESP-
B9, showed a unimodal distribution. The samples HD1-T14,
HD1-T24, and HQP-B6 had a wider pore size distribution, with
the distribution curve fluctuating between 25 and 35 nm.

The SSA and pore volume of micropores and mesopores in
the shale samples from the Dalong Formation were calculated
and are presented in Table 2. The total SSA had a mean of 17.11
m?*/g and varied from 3.55 to 34.40 m*/g. The majority of SSA
was attributed to micropores, accounting for an average of 70%.
The total pore volume varied from 7.54 to 40.10 cm®-g ™' X 1073,
with an average of 17.11 cm*g™" X 107%. Mesopores dominated
the pore volume, accounting for over 70%.

4.5. Pore Fractal Characteristics. Fractal dimensions can
describe the porous structure and surface roughness of porous
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materials. According to previous studies, there are several
calculation methods for fractal dimension from gas adsorption
data, including the fractal Brunauer—Emmett—Teller, FHH,
NK, and WL models.***° Among them, the FHH model is
more reliable, and it has been used for sedimentary rocks.'>>’
The expression of the FHH model is

R
InV=kln]ln—|+ C
P (1)

where Vis the volume of adsorbed gas at equilibrium pressure P,
Py is the saturation pressure, k is the slope of In(V) and In[In(P,/
P)], and C is a constant.

According to the FHH fractal model, slope(k) of the fitting
line on the In(V) — In[ln(Py/P)] plot gives the fractal
dimension, D = k + 3, and the D value is between 2 and 3.
Generally, surface smoothness decreases and irregularity
increases with the D value, which shows complex surfaces.>
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Figure 6. Correlations of pore SSA and mineral fraction.

The In(V) — In[In(P,/P)] fitting curve for calculating the
fractal dimension of the shale samples according to the FHH
fractal model is shown in Figure S. The plot has two distinct
linear regions for each sample, corresponding to the nitrogen
adsorption curve 0 < P/P, < 0.45 and 0.45 < P/P; < 1.0. The end
of the hysteresis loop at the point where P/P,, = 0.45 shows that
the gas adsorption behavior varies in the two regions. Thus, the
samples have different fractal dimensions in these regions, which
are denoted as D and D,. Table 3 shows the parameters used to
calculate the fractal dimension of each sample with the FHH
model. The linear fits have high accuracy (R* > 0.95), which
validates the reliability of the calculations. The average values of
D, and D, for the shale pores of the Dalong Formation are 2.66
and 2.81, respectively, with D, and D, ranging between 2.55 and
2.78 and 2.66 and 2.94, respectively.

As shown in Table 3, D, exceeds D, for each sample. They do
not have an obvious relationship, indicating that they
correspond to two different fractal dimensions of the shale.
This finding differs from the shale of the Wufeng—Longmaxi
Formation in the Jiaoshiba area of the Sichuan Basin.”
However, it is consistent with the Bakken shale in the USA."

5. DISCUSSION

5.1. Relationships between Mineral Composition and
Pore Structure. Figure 6 and Figure 7 demonstrate the impact
of quartz, clay minerals, TOC content, and feldspar on the pore
SSA values and pore volume of shale. A clear trend is observed: a
higher TOC content leads to larger SSA and volume for both
micropores and mesopores. The correlation coefficient between
TOC and micropore SSA is higher than that between TOC and
mesopore SSA. This is because TOC plays a crucial role in
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creating nanoscale thermogenic pores in organic matter (Figure
2d), which dominate the micropore SSA and volume. As the
amount of TOC grows, there are more nanoscale organic matter
micropores in shale. These holes are smaller than 2 nm and
made from pyrolysis of kerogen.

The SSA and volume of both micro- and mesopores decrease
as the content of quartz and feldspar increases. During the early
burial stage, large-grained quartz particles can protect larger
pores from compaction, thus preserving the pore space.
However, the filling of pores by authigenic biogenic quartz
precipitates hinders pore preservation.’” Previous studies have
shown that the quartz in the Dalong Formation shale is mainly
derived from biogenic sources,”* and the pore development in
the Dalong Formation shale is inhibited by quartz. Feldspar is
susceptible to erosion by acidic fluids, resulting in the formation
of pores. However, potassium feldspar has the ability to generate
secondary minerals that can fill these intergranular pores,™
thereby hindering pore development.

The pore SSA and volume of micropores and mesopores in
shale are positively influenced by the presence of clay minerals.
Clay minerals exhibit various crystal shapes, including flakes,
fibers, and flocs, which facilitates the development of pores of
different sizes.”> These pore sizes associated with clay minerals
are widely distributed, ranging from nanometers to micro-
meters.*® However, due to their high plasticity and low hardness,
clay minerals are prone to compaction. Compaction leads to the
compression of larger pores, while the structural properties of
clay minerals allow for the retention of smaller micropores and
mesopores.”” As a result, clay minerals ultimately promote the
development of micropores and mesopores in shale.*”*’
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5.2. Relationships between Pore Structure and Fractal The connection between D;, D,, and the parameters of the
Dimension. How irregular the pore surfaces and structures are shale pore structure is illustrated in Figure 8. Micropore volume
in porous materials is shown by the fractal dimension. D, and SSA growth raise both D, and D,, indicating that micropores
represents the fractal dimension of the pore surface. At this are more 1rregu lar and complex. ‘Th_e correlation between

) ) micropore SSA and D, (r = 0.7350) is slightly stronger than the
range, a one-molecule-thick layer is made on the pore surface by . )

q i hich is mainl dbvth der Waals f correlation between micropore volume and D; (r = 0.6496),
adsorption, which is mainly governed by the van der Waals force. suggesting that D, is more sensitive to the unevenness of the
D, represents the fractal dimension of the pore structure. At this pore surface. This finding is consistent with the research
range, adsorption is dominated by capillary condensation and conducted by Yao et al. on North China coal.”” The correlation
forms a multilayer in the pore space.” coefficients of D, with micropore SSA (r = 0.6409) and
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Figure 9. Plot of shale mineral fraction and TOC content against fractal dimension.

micropore volume (r = 0.6432) are similar. Mesopore SSA and
volume do not affect the fractal dimensions (D; and D,) much,
as they have no strong link, indicating that mesopore
development has little impact on the fractal dimension.

5.3. Factors Affecting the Fractal Dimension. To
investigate the factors affecting the fractal dimension, we mainly
focus on the effect of shale’s main minerals and TOC content on
fractal dimension, and the related graph is displayed in Figure 9.

The D, value of shale increases as the TOC content increases,
showing a positive correlation (r = 0.674). This suggests that the
TOC has a beneficial impact on the fractal dimension. Shale
contains numerous nanoscale organic matter pores (Figure 3).A
higher TOC content makes shale micropores SSA bigger and the
pore structure more complex. This increases the fractal
dimension of the pore space.

The fractal dimension of shale pores is influenced by the
origin of the quartz. The quartz content in the transitional shale
has little effect on the pore fractal dimension.”” The fractal
dimension of the Lower Cambrian Qiongzhusi shale in eastern
Yunnan decreases with quartz content.”’ Terrigenous input is
the main source of quartz in this shale. Conversely, the fractal
dimension of the Longmaxi shale in southern Sichuan goes up
with quartz content, which partly originates from siliceous
organisms.®" In this study, the D, value is positively correlated
with shale’s quartz content (r = 0.6068). The quartz in the
Dalong Formation shale is primarily an authigenic quartz.
Unlike detrital quartz that existed before diagenesis, authigenic
quartz fills the original shale pores in a microcrystalline form.
While reducing the shale porosity, the irregular morphology of
authigenic quartz leads to an increased complexity of shale
pores, resulting in an overall increase in fractal dimension.

The D, value decreases as the feldspar content increases,
showing a negative correlation (r = —0.7462). This suggests that
the presence of feldspar not only reduces the pore volume and
SSA but also simplifies the pore structure of shale. Feldspar is
chemically unstable and easily corrodes and is dissolved by
organic acids. This results in small pore blockage and pore SSA
and volume reduction.”” Additionally, the development of
feldspar cleavage promotes the formation of larger cleavage
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fractures, which increases the connectivity between the pores
and the development of larger pores. Therefore, the increase in
the feldspar content makes the pore structure simpler and the
fractal dimension lower.

On the other hand, the increase in clay mineral content has a
minimal effect on the D, value; however, SSA and micropore
volume increase with it, indicating that clay minerals affect pore
development in a complex way. Clay minerals have a structure
that creates many pores inside and between grains, which
increases SSA and pore volume. However, the strong plasticity
of clay minerals leads to stronger shale compaction during
diagenesis, 3 making the shale denser and reducing the
proportion and connectivity of pores. This ultimately results
in a decrease in the pore structure complexity.

There is a low correlation between the D, values and mineral
components, which means that mineral content changes have
little impact on the D; values. Further research is needed to
identify the factors that influence the D, value.

6. CONCLUSIONS

This study examines the pore morphology of shale in the Dalong
Formation using SEM. Shale pore fractals are studied using
nitrogen adsorption and FHH fractal theory. How shale
composition and pore structure affect fractal dimensions and
what factors determine it were analyzed. The main findings are
as follows:

(1) Intragranular, intergranular, and organic matter pores,
along with some microfractures, make up most of the
shale pores in the Dalong Formation. Nitrogen
adsorption results show that the pore shapes are primarily
parallel-plate-like and ink-bottle-like, exhibiting clear
fractal features.

(2) The pore structure gets more complex as the micropores

grow. This is reflected by the fractal dimension and the

volume and SSA of micropores being positively related. As
the micropores develop more, the fractal dimension
increases.

(3) The pore structure becomes more complex when the

shale samples have more micropores due to higher TOC
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content. However, the fractal dimension is hardly
influenced by clay minerals, which enhance the pore
SSA and micropore volume. The effects of quartz and
feldspar on pores and fractal dimension are opposite in
the shale of the Dalong Formation. The correlation
between fractal dimension D, and quartz content is
positive, while the correlation between fractal dimension
D, and feldspar content is negative.
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