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Abstract: The Middle and Upper Permian Dalong and Gufeng Formations in South China have
recently been considered as potential gas-producing shales. However, their pore structure charac-
teristics remain poorly understood. To investigate the pore structure and fractal characteristics of
the pores in these two formations, a suite of shale samples from the Dalong and Gufeng Forma-
tions in the western Hubei Province, South China were analyzed by multiple techniques, namely,
TOC content, X-ray diffraction (XRD) mineralogy analysis, optical microscopy observations, major
elemental analysis, field emission-scanning electron microscopy (FE-SEM), and low-pressure gas
adsorption measurements (N, and CO,). The identified major shale lithofacies include siliceous
mudstone, carbonaceous mudstone, argillaceous-siliceous mixed mudstone, and calcareous-siliceous
mixed mudstone. SEM images show that the dominant pore types include the pores between brittle
minerals, slit-shaped pores between clay sheets, and secondary organic matter (OM) pores within
solid bitumen. The pore size distribution is dominated by micropores and mesopores (<30 nm),
which are the major contributors to total pore volume and surface area for the Dalong and Gufeng
Formations. Based on the Frenkel-Halsey-Hill (FHH) method, fractal dimensions (D;, D,) calculated
from the nitrogen adsorption data have a range of from 2.489 to 2.772 (D;) and from 2.658 to 2.963
(D5), and are higher in the Gufeng Formation (average TOC = 8.3 wt.%) due to a higher TOC content
comparing to the Dalong Formation (average TOC = 6.2 wt.%). The pore development and fractal
characteristics are primarily controlled by organic matter (OM), carbonate minerals, and clay minerals
for both the Dalong and Gufeng Formations. Shale samples with high TOC content, low carbonate
content, and high clay content tend to develop more heterogeneous micropores and mesopores,
which is ascribed to the generation of clay-related and OM-hosted pores, along with the destruction
of primary pores by pore-filling carbonate cements.

Keywords: pore structure; fractal dimensions; Permian shales

1. Introduction

Over the past few decades, shale or mudstone has been exploited as hydrocarbon
reservoirs within unconventional plays worldwide, primarily in North America, Europe,
and China [1-3]. Shale gas exploration and development in China has achieved great suc-
cess in several shale plays, such as the Lower Silurian Longmaxi Formation and the Lower
Cambrian Qiongzhusi Formation in the Sichuan Basin [4]. Recently, the Permian shales in
South China have attracted great attention as potential gas-producing shales, including
the Dalong and Wujiaping Formations. It is well known that pore structure and porosity
exert significant control on gas storage capacity and, ultimately, producibility in shale or
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mudstone reservoirs. Therefore, pore structure characterization is of great significance for
the successful evaluation and exploitation of the Permian shale gas reservoirs.

The pore systems of shale reservoirs have been well documented by multiple analyti-
cal techniques in previous studies, including pore morphology, type, pore size distribution,
and pore evolution pathways [5-9]. Shale pore types are predominantly mineral matrix
pores, organic matter (OM) pores, and fracture pores [6]. In particular, organic matter
pores were considered an extremely crucial part of shale pore systems, especially for high-
maturity marine-facies shales [6,8,10]. Pore structures in shale or mudstone reservoirs are
influenced by many factors, including fabric, texture, organic matter (OM) properties (OM
content, macerals, and thermal maturity), bulk mineralogical composition, and diagenetic
alterations [6,8-10]. The properties of the organic matter are recognized as one of the
most important controls on pore systems in gas shale reservoirs. Secondary OM pores are
generally observed within bitumen/pyrobitumen in shales with thermal maturities gener-
ally greater than R,~0.6%-0.7%, at the onset of peak oil generation stage [6,7,9,11]. The
relationship between TOC content and organic porosity is relatively complex. High TOC
samples generally display increasing OM-hosted pores at the lower end of the TOC range,
whereas, the higher TOC content may not influence the total pore volume at a low level of
maturity [7]. Furthermore, intergranular and intercrystalline pores can also be filled with
solid bitumen, resulting in a weak or even negative correlation between TOC content and
porosity. Organic porosity development is also influenced by OM type and macerals [12].
When transformed into hydrocarbons and bitumen with increased thermal maturity, the
oil-prone kerogens (e.g., alginite and AOM) tend to develop secondary organic pores within
solid bitumen more easily than hydrogen-poor kerogens (e.g., inertinite, zooclasts) [13,14]
(In addition to OM properties, bulk mineralogy and rock fabric also exert a significant
influence on porosity in shale reservoirs For example, the presence of rigid matrix frame-
work minerals (e.g., the microcrystalline quartz aggregates) is considered to reduce the
effective stress on OM particles, helping to preserve organic pores from compactional col-
lapse [15,16]. Fractal geometry theory can be used to characterize special structures [17,18].
In recent years, it has been widely used in the shale pore structure field [19-21]. Researchers
have used different models such as the Frenkel-Halsey-Hill (FHH) model, the Newton—
Kantorovich (NK) model, and the Neimark model to conduct fractal studies on different
shale pore structures [22,23]. The FHH fractal model is widely used in determining shale
pore structure, as it can not only describe the fractal characteristics of macropores but also
effectively evaluate that of mesopores and micropores [20,24].

The Middle and Upper Permian Dalong and Gufeng Formations have received much
attention as potential gas-producing shales in South China. It was reported that the Upper
Permian Dalong Formation is characterized by high TOC content (averaging = 7.0%), high
brittle mineral content (averaging > 60%), moderate to high thermal maturities (averaging
R, > 1.8%), and high gas content in the western Hubei area and the northeast Sichuan
Basin [25-27]. A few studies have documented the pore structure characteristics and
main factors controlling pore development within the Permian shales in South China.
However, these previous studies have mainly focused on the Upper Permian shales in the
Lower Yangtze region. Although some attention has been paid to the pore characteristics
of Perima shales in the Middle Yangtze area, the pore formation mechanism remains
relatively poorly understood. By integrating geochemical data and petrophysical data for
the Dalong and Gufeng Formations, the primary goals of this study are to (1) decipher
the pore structure of different shale lithofacies, including pore morphology and pore size
distribution; (2) understand the major controlling factors on pore development in the
Permian Gufeng and Dalong Formations; and (3) investigate the fractal dimension of pores.

2. Geological Setting

The study area is located on the northwestern margin of the Middle Yangtze platform
in South China (Figure 1A). During the late Middle Permian, tectonic uplift and the large-
scale eruption of the Emeishan mantle plume occurred in the western Yangtze block [28,29].
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Due to the tensile stress related to the tectonic uplift and Emeishan mantle plume, the
northern Yangtze platform subsided and a series of basins were formed, including the
Guanyuan-Liangping basin and the western Hubei basin [29]. The western Hubei basin was
characterized by deep-water depositional facies and connected to the open sea northward
through a narrow bay during the late Permian [30].
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Figure 1. (A) Changhsingian Paleogeographic map of South China (modified from Yin et al.,
2014) [29]. Paleogeographic partitions: HGG Basin = Hunan—-Guizhou-Guangxi basin. ZFG clas-
tic Region = Zhejiang-Fujian-Guangdong clastic Region; GLB = Guangyuan-Liangping Basin.
Faults: LMSF = Longmenshan Fault; SDBSF = South Dabaoshan Fault; QFF = Qingfeng Fault;
XF-GJF = Xiangfan-Guangji Fault; TC-LJF = Tanchen-Lujiang Fault; (B) Stratigraphic column of the
Middle and Upper Permian strata in the South China.

The Middle Permian successions in the western Hubei basin consist of the Maokou
Formation and Gufeng Formation (Figure 1B). The Gufeng Formation is dominated by black
siliceous mudstones, cherts, and calcareous mudstones with minor interbeds of limestones.
The Gufeng Formation is usually underlain by carbonate platform facies of the Maokou
Formation in South China. The Late Permian successions in the western Hubei Basin are
dominated by the Longtan, Wujiaping, and Dalong Formations (Figure 1B). Overlying the
limestone successions of the Wujiaping Formation, the Dalong Formation is composed
of organic-rich black shales and cherts with interbeds of limestones in the western Hubei
Basin. The occurrence of black shales and cherts in the Dalong Formations is ascribed to
marine transgressions during the Changhsingian movement [31]. Previous studies suggest
a high TOC content (average TOC > 5%), dominant type II kerogen, and high thermal
maturity (R, > 2%) for the Permian shales in south China [32,33].

3. Methodology
3.1. Samples

Forty-six core samples of the Dalong and Gufeng Formations were obtained from
well JD-3, which is located in the western Hubei province (see well location in Figure 1).
The samples from the JY-3 well have a depth range from 320 m to 480 m and consist of
19 samples from the Upper Permian Dalong Formation and 27 samples from the Middle
Permian Gufeng Formation (Figure 2). Detailed core description, total organic carbon
(TOC) contents measurements, and whole-rock elemental analyses were conducted on all
46 samples.
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Figure 2. Stratigraphic variations in the gamma-ray (GR) log, lithology, TOC content, and the
concentrations of major oxides. (A) the Dalong Formation; (B) the Gufeng Formation.

3.2. Analytical Methods

The TOC content of all 46 samples was determined using an Elementary Rapid CS
elemental analyzer. After removing carbonate minerals, the sample powder residue was
combusted to calculate organic carbon content.

The concentrations of major elements for all 46 samples were measured by X-ray
fluorescence spectrometry (XRF). The powdered samples were first dried at 105 °C for 12 h
and then heated at 1000 °C for 2 h to estimate the loss on ignition (LOI). The dried sample
was treated with lithium tetraborate and subsequently analyzed using an XRF instrument
to measure the concentrations of major elements.

A total of 15 representative samples from the Dalong Formation and 15 representative
samples from the Gufeng Formation were selected for X-ray diffraction (XRD; X"Pert PRO
MPD X-ray diffractometer) analysis to determine the bulk mineralogical compositions.
Identification of minerals was performed by comparison with reference mineral patterns.
The TOC content and XRD results are given as weight percentages.

A total of 30 polished thin sections were examined with a Zeiss microscope under
transmitted light to identify the minerals, fossils, texture, and fabric features. Among these
samples, 10 samples were selected to be polished by argon-ion milling technique, including
five Dalong mudstones and five Gufeng mudstones. After being coated with conductive
carbon, ion-milled samples were imaged by field-emission scanning electron microscopy
(FE-SEM) under secondary electron (SE) and backscattered electron (BSE) modes. SE mode
was used to image pores clearly, and BSE mode was applied to image organic matter and
minerals. Energy dispersive spectroscopy (EDS) was used to identify mineral composition.
SEM and EDS imaging were performed with an accelerating voltage of 5-10 kV and a
working distance of approximately 8-10 mm.

Gas adsorption analysis, including nitrogen (N;) and carbon dioxide (CO,), was
conducted on 30 samples using a Quantachrome Autosorb-iQ3 analyzer. Approximately
1~2 g of ground sample (60~80 mesh) was degassed at 80 °C for approximately 10 h prior
to analysis. CO, adsorption analysis was applied to examine the micropore size fraction
(<2 nm) at a temperature of 273.1 K. N, adsorption analysis was used to characterize
mesopores (2-50 nm) and macropores (>50 nm) at a temperature of 77.4 K. The adsorption
and desorption isotherms of CO, and N, were used to calculate pore structure parameters,
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including pore volume, specific surface area, and pore size distribution. The pore volumes
and surface areas of micropores were determined by CO, adsorption using the DFT method.
The pore volumes of mesopores and macropores were calculated from the adsorption
isotherm using the Barrett-Joyner—-Halenda (BJH) model [34].

4. Results
4.1. TOC Content and Bulk Mineralogy

The TOC content of the Dalong Formation ranges from 0.5 wt.% to 10.7 wt.% with a
mean value of 6.2 wt.%, displaying a generally decreasing trend upward (Figure 2A). The
Gufeng Formation samples show high TOC values in the range of 1.0 wt.% to 30.6 wt.%,
averaging 8.3 wt.%. Stratigraphically, the TOC content is highest in the middle part of the
Gufeng Formation (Figure 2B).

The X-ray diffraction (XRD) results show that the mineralogy is dominated by quartz,
carbonates, and clay minerals in both the Dalong and Gufeng Formations. For the Dalong
Formation, the quartz content ranges from 19.7 wt.% to 71.1 wt.% (average = 43.8 wt.%),
showing higher values in the lower part than in the upper part. The clay content ranges from
13.5 wt.% to 39.9 wt.%, with a mean value of 24.9 wt.%. Carbonate minerals are dominated
by calcite with a range of 3.3 wt.% to 43.8 wt.% (average = 16.6 wt.%), displaying a general
increasing trend upward (Figure 3A). For the Gufeng Formation, the samples have higher
quartz content (average = 49.7 wt.%) than the Dalong Formation. The clay minerals range
from 8.1 wt.% to 43.9 wt.% with an average of 21.9 wt.% and are highest in the middle part
of the Gufeng Formation. The carbonate minerals are primarily composed of dolomite and
calcite and are higher in content in the upper part than in the lower part. The dolomite
content ranges from 2.4 wt.% to 31.7 wt.% (average = 18.3%), and the calcite content ranges
from 2.2 wt.% to 29.5 wt.% (average = 11.9 wt.%).
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Figure 3. Bulk mineralogical compositions determined from X-ray diffraction analysis.

4.2. Lithofacies Classification

Based on textural variation, TOC contents, and mineralogical composition, four major
lithofacies are identified in the Dalong and Gufeng Formations. The four mudstone litho-
facies identified, consisting of siliceous mudstone, calcareous-siliceous mixed mudstone,
argillaceous-siliceous mixed mudstone, and carbonaceous mudstone, are described in
detail below.

4.2.1. Siliceous Mudstone

The siliceous mudstone is primarily distributed in the lower-to-middle part of the Da-
long Formation, and the lower part of the Gufeng Formation (Figure 2). This lithofacies has
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the highest quartz content, ranging from 36.0 wt.% to 73.8 wt.% (average = 55.5 wt.%), and
relatively low carbonate content, ranging from 2.2 wt.% to 26.0 wt.% (average = 11.9 wt.%).
In addition, the siliceous mudstone is rich in organic matter and has a high TOC content,
ranging from 5.2 wt.% to 11.4 wt.%, with an average of 8.4 wt.%. Petrographic examination
suggests that siliceous mudstone is characterized by gray-black/black color, high silica
content, and abundant fossils (e.g., radiolarians, cephalopods) (Figures 4A—C and 5A,B).
Some of the siliceous radiolarians were replaced by euhedral pyrite crystals (Figure 4C).

200pm | 8

Figure 4. Representative core photographs and thin section images of major lithofacies in the Dalong

Formation. (A) Macroscopic characteristics of black siliceous mudstone, sample depth = 368.75 m.
(B) Thin section image of black siliceous mudstone showing the preserved radiolarians, sample
depth = 355.80 m. (C) Thin section image of black siliceous mudstone showing the preserved
radiolarians, sample depth = 357.90 m. (D) Macroscopic characteristics of gray calcareous-siliceous
mixed mudstone, sample depth = 339.25 m. (E) Thin section image of gray calcareous-siliceous mixed
mudstone showing the preserved radiolarians, sample depth = 345.80 m. (F) Thin section image of
gray calcareous-siliceous mixed mudstone, sample depth = 335.40 m.

4.2.2. Calcareous-Siliceous Mixed Mudstone

The calcareous-siliceous mixed mudstone is primarily distributed in the upper part
of the Dalong Formation, and the upper part of the Gufeng Formation (Figure 2). This
lithofacies contains high contents of quartz and carbonate minerals (Figure 5C,D). The
quartz content ranges from 36.8 wt.% to 42.3 wt.% (average = 40.1 wt.%) and the carbonate
content ranges from 32.4 wt.% to 45.5 wt.% (average = 38.4 wt.%). The lithofacies has
moderate to high TOC content ranging from 1.0 wt.% to 6.6 wt.% (average = 3.7 wt.%).
The calcareous-siliceous mixed mudstone comprises faint carbonate-rich laminae, high
carbonate content, and abundant calcareous fossils (e.g., shell or mollusk skeletal fragments)
(Figrues 4E,F and 5C,D). Notably, most of the radiolarian skeletal fragments were replaced
by carbonate minerals in this lithofacies (an example is shown in Figure 4E).
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Figure 5. Representative core photographs and thin section images of major lithofacies in the Dalong
Formation. (A) Thin section image of siliceous mudstone showing the preserved radiolarians, sample
depth = 477.35 m. (B) Thin section image of siliceous mudstone showing the preserved cephalopods,
sample depth = 465.70 m. (C) Thin section image of calcareous-siliceous mixed mudstone showing
the abundant dolomite, sample depth = 470.40 m. (D) Thin section image of calcareous-siliceous
mixed mudstone, sample depth = 436.70 m.

4.2.3. Argillaceous—Siliceous Mixed Mudstone

The argillaceous—siliceous mixed mudstone occurs primarily in the middle part of
the Gufeng Formation. This lithofacies comprises high contents of detrital quartz and clay
minerals (Figure 6A,B). The XRD analysis indicates that the average content of quartz and
clay minerals is 42.2 wt.% and 44.1 wt.%, respectively. Microscopic observation shows
that most quartz grains are present as silt-sized particles floating among the clay matrix
(Figure 6B). In addition, the TOC content of this lithofacies ranges from 3.1 wt.% to 5.7 wt.%
with a mean value of 4.3 wt.%.

4.2.4. Carbonaceous Mudstone

The carbonaceous mudstone lithofacies occurs mainly in the middle part of the Gufeng
Formation. This lithofacies is characterized by the highest OM content, ranging from
16.2 wt.% to 30.6 wt.%, and abundant fossils including sponge spicules (Figure 6C-E). OM
is present as elongated laminae in the carbonaceous mudstone (Figure 6F). This lithofacies
is predominantly composed of quartz and clay minerals, averaging 51.0 wt.% and 28.7 wt.%,
respectively. The carbonate content is relatively low and ranges from 0 to 15.6 wt.% with
an average of 7.2 wt.%.
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Figure 6. Representative core photographs, thin section, and SEM images of argillaceous-siliceous
mixed mudstone (A,B) and carbonaceous mudstone (C-F) in the Gufeng Formation. (A) Thin section
image of argillaceous—siliceous mixed mudstone, sample depth = 448.25 m. (B) Thin section image of
argillaceous-siliceous mixed mudstone, sample depth = 448.25 m. (C) Macroscopic characteristics of
black siliceous mudstone showing sponge spicule, sample depth = 456.20 m. (D). Thin section image
showing the preserved radiolarians, sample depth = 458.75 m. (E). Macroscopic characteristics of gray
carbonaceous mudstone, sample depth = 460.0 m. (F). Microscopic characteristics of carbonaceous
mudstone, sample depth = 458.75 m.

4.3. Pore Types from FE-SEM Observations

The pore-type classification proposed by Loucks et al. (2012) [6] was adopted in this
study. Both matrix-related and OM-hosted pores were observed in SEM images for the
Dalong and Gufeng samples, including interparticle (interP) pores, intraparticle (intraP)
pores, and organic matter (OM) pores.

Matrix-related pores show similar characteristics in both the Dalong and Gufeng
Formations and occur primarily as interparticle pores between rigid grains, such as quartz
and calcite (Figures 7A,B and 8A,B), interparticle pores between matrix minerals and OM
(Figures 7E,F and 8D), and intraparticle pores between clay flakes (Figures 7C and 8E,F).
The InterP pores generally display silt-like, wedged, or irregular shapes with a large size
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(Figure 8A,B). The IntraP pores were mainly developed within clay platelets (Figures 7C
and 8E,F), and there were minor pores within pyrite framboids and dissolution pores
within calcite grains (Figure 8C).

800mm

Figure 7. SEM images showing mineral matrix and OM-hosted pores in the Dalong Formation. (A) In-
terparticle pores between calcite grains, JD-3, depth = 340.50 m. (B) Interparticle pores between calcite
grains, JD-3, depth = 335.40 m. (C) Intraparticle pores between clay sheets, JD-3, depth = 340.50 m.
(D) Abundant OM pores within second organic matter, JD-3, depth = 368.75 m. (E) Spongy or irregu-
lar OM pores occurring in solid bitumen between rigid minerals, JD-3, depth = 348.20 m. (F) Irregular
or slit-shapaed OM pores, JD-3, depth = 348.20 m.

Figure 8. SEM images showing mineral matrix pores in the Gufeng Formation. (A) Interparticle pores
between rigid grains (e.g., calcite, quartz), JD-3, depth = 436.70 m. (B) Interparticle pores between
rigid grains and OM, JD-3, depth = 458.75 m. (C) Intraparticle dissolution pores within calcite, JD-3,
depth =470.40 m. (D) Intraparticle pores between clay sheets, JD-3, depth = 470.40 m. (E) Intraparticle
pores between clay sheets, JD-3, depth = 448.25 m. (F) Intraparticle pores, JD-3, depth = 458.75 m.

OM-hosted pores show some differences between the Dalong and Gufeng Formations.
For the Dalong Formation, organic matter consists of abundant solid bitumen and minor
vitrinite, along with inertinite. OM-hosted pores are primarily present as sponge-like pores
within solid bitumen (pyrobitumen), with a size range of 50-150 nm in pore diameter
(Figure 7D-F). For the Gufeng Formation, the average OM content (average = 8.3 wt.%)
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is greater than that of the Dalong Formation (average = 6.2 wt.%). The organic matter
is primarily present as solid bitumen, vitrinite, and inertinite in the Gufeng Formation
(Figure 9). However, SEM observation suggests that the OM pores are less abundant in
the Gufeng Formation than in the Dalong Formation. The OM pores are dominated by
sponge-like and wedge-shaped pores within solid bitumen/pyrobitumen in the Gufeng
Formation, showing a diameter range from tens to hundreds of nanometers (Figure 9D-F).
The vitrinite and inertinite macerals show no SEM-visible secondary OM pores (Figure 9C).

a2 3
e

i C

Figure 9. SEM images showing OM-hosted pores in the Gufeng Formation. (A) Abundant devel-
opment of organic matter occurring parallel to bedding, JD-3, depth = 458.75 m. (B) OM showing
no development of OM pores, JD-3, depth = 458.75 m. (C) Particulate depositional OM (kerogen)
showing no development of OM pores, JD-3, depth = 477.35 m. (D) Second OM containing numerous
OM pores, |]D-3, depth = 477.35 m. (E) Abundant OM pores, ]D-3, depth = 477.35 m. (F) Irregular OM
pores occurring in solid bitumen, JD-3, depth = 470.40 m.

4.4. Pore Structure Parameters Obtained from Gas Adsorption Analysis

According to the IUPAC classification of physisorption isotherms [34] (Thommes et al.,
2015), the CO; adsorption isotherms can be grouped into type I for the Dalong and Gufeng
Formations (Figure 10A,B), indicative of micropores development. The hysteresis loops of
N, adsorption isotherms can be classified as type H3 and type H4 (Figures 10C,D and 11),
suggesting the predominance of plate-like and slit-like pores. The N, and CO, adsorption
capacities show significant variations in different lithofacies (Figures 10 and 11). In general,
the siliceous mudstone rich in organic matter has a relatively high adsorption volume.

Pore size distributions calculated from the low-pressure N, and CO, adsorptions
are shown in Figures 12 and 13 and Table 1. The dominant pore diameter ranges show
subtle differences between the Dalong and Gufeng Formations. For the Dalong Formation,
micropore size distributions based on the DFT model display three volumetric peaks at the
pore sizes of approximately 0.35 nm, 0.55 nm, and 0.85 nm for the two mudstone lithofacies
(Figure 12). The mesopore and macropore size distributions show slight differences in
the siliceous mudstone and calcareous-siliceous mixed mudstone marked by the peaks in
the range of 2-30 nm and 2-20 nm, respectively. In comparison with calcareous-siliceous
mixed mudstone, the siliceous mudstone generally has a broader size range of mesopore.
For the Gufeng Formation, the mesopore and macropore diameter distributions of the
calcareous-siliceous mixed mudstone are significantly different from that of the other three
lithofacies (Figure 13). Compared with carbonaceous, siliceous, and argillaceous—siliceous
mudstones, the pore size for calcareous—siliceous mixed mudstone generally displays few
mesopores and relatively more abundant macropores (Figure 13C). The calculated pore
size distributions are generally consistent with the SEM observations.
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Figure 10. Carbon dioxide (CO;) and nitrogen (N3) adsorption isotherms of different shale lithofacies
in the Dalong Formation. P/Py = the ratio of vapor pressure to saturated pressure. The CO,
adsorption isotherms of siliceous mudstone (A) and calcareous-siliceous mixed mudstone (B). The
N, adsorption isotherms of siliceous mudstone (C) and calcareous-siliceous mixed mudstone (D).
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Figure 11. Nitrogen adsorption isotherms of different shale lithofacies in the Gufeng Formation.

P /Py = the ratio of vapor pressure to saturated pressure.
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Table 1. Pore volume and surface area of the Dalong and Gufeng shales based on the CO, and N, adsorption analysis.
Sample ID Depth  Formation TOC Pore Volume (cm?/g x 10-2) Surface Area (m?/g)
Lithofacies Total
m % <2nm 2-50 nm >50 nm Total Pore Volume <2nm 2-50 nm >50 nm
Surface Area

JD3-2 335.40 Dalong 2.23 Mixed mudstone 0.40 1.812 0.970 3.182 11.628 10.300 0.400 22.328
JD3-4 339.25 Dalong 6.58 Calcareous/siliceous mixed mudstone 0.70 2172 0.896 3.768 26.858 14.071 0.324 41.253
JD3-5 340.50 Dalong 0.47 Mixed mudstone 0.40 1.476 0.722 2.598 11.925 8.1687 0.27 20.364
JD3-7 343.40 Dalong 5.67 Calcareous-rich siliceous mudstone 0.40 1.773 0.570 2.743 14.731 11.079 0.206 26.016
JD3-8 345.80 Dalong 6.34 Calcareous/siliceous mixed mudstone 0.90 2.573 0.768 4.241 28.439 17.308 0.27 46.017
JD3-9 348.20 Dalong 6.21 Siliceous mudstone 0.60 2.648 0.554 3.802 20.702 14.049 0.231 34.982
JD3-10 350.90 Dalong 5.17 Siliceous mudstone 0.60 2.821 0.979 4.400 22.067 15.397 0.396 37.860
JD3-12 355.80 Dalong 7.90 Siliceous mudstone 0.80 2.480 0.523 3.804 28.947 16.456 0.187 45.590
JD3-13 357.90 Dalong 10.10 Siliceous mudstone 1.50 4311 1.046 6.857 49.504 24.776 0.409 74.689
JD3-14 360.40 Dalong 10.27 Siliceous mudstone 1.00 3.432 1.136 5.568 34.014 19.223 0.431 53.668
JD3-15 362.30 Dalong 6.17 Siliceous mudstone 0.90 2.607 0.627 4.134 27.383 15.134 0.258 42.775
JD3-16 365.75 Dalong 8.57 Siliceous mudstone 1.30 3.874 0.978 6.152 42.988 23.726 0.365 67.079
JD3-17 366.50 Dalong 10.70 Siliceous mudstone 1.20 3.177 0.466 4.844 37.078 19.852 0.174 57.104
JD3-18 368.75 Dalong 8.86 Siliceous mudstone 1.10 3.704 0.967 5.771 37.405 21.997 0.37 59.772
JD3-19 370.00 Dalong 5.68 Siliceous/argillaceous mixed mudstone 0.50 2.396 0.766 3.661 16.020 14.761 0.316 31.097
JD3-21 428.10 Gufeng 1.64 Calcareous/siliceous mixed mudstone 0.19 1.078 0.745 2.011 5.600 5.220 0.305 11.125
JD3-23 433.40 Gufeng 1.04 Calcareous/siliceous mixed mudstone 0.13 0.786 0.704 1.619 3.879 4.030 0.266 8.175
JD3-24 436.70 Gufeng 1.01 Mixed mudstone 0.30 0.742 0.810 1.852 9.802 3.467 0.308 13.577
JD3-25 439.90 Gufeng 1.05 Calcareous/siliceous mixed mudstone 0.50 1.313 1.078 2.891 14.870 6.458 0.414 21.742
JD3-28 448.25 Gufeng 3.09 Siliceous/argillaceous mixed mudstone 0.50 1.050 0.398 1.948 17.862 8.284 0.141 26.287
JD3-31 454.85 Gufeng 16.17 Carbonaceous mudstone 1.49 2.689 0.368 4.542 46.692 23.222 0.131 70.045
JD3-32 456.20 Gufeng 18.36 Carbonaceous mudstone 2.08 2.132 0.294 4.505 66.679 21.234 0.108 88.021
JD3-33 458.75 Gufeng 30.56 Carbonaceous mudstone 2.30 1.853 0.434 4.587 78.258 18.537 0.158 96.953
JD3-34 460.00 Gufeng 27.45 Carbonaceous mudstone 2.08 2.622 0.427 5.126 66.874 24.070 0.154 91.098
JD3-35 462.15 Gufeng 25.74 Carbonaceous mudstone 0.93 2.633 0.375 3.941 30.217 14.044 0.180 44.441
JD3-37 465.70 Gufeng 8.47 Siliceous mudstone 0.47 1.195 0.272 1.932 15.104 7.089 0.097 22.290
JD3-40 470.40 Gufeng 5.35 Calcareous/siliceous mixed mudstone 0.20 0.739 0.377 1.316 8.613 4.340 0.145 13.098
JD3-42 473.40 Gufeng 8.44 Siliceous mudstone 0.41 0.437 0.184 1.029 13.331 3.853 0.064 17.248
JD3-45 476.35 Gufeng 11.43 Siliceous mudstone 0.22 0.568 0.279 1.070 6.968 4.276 0.104 11.348
JD3-46 477.35 Gufeng 9.24 Siliceous mudstone 0.90 1.172 0.512 2.584 33.916 9.606 0.197 43.719
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The relative proportion of micro-, meso-, and macropore volumes in total pore volume
shows subtle variations in different lithofacies (Figure 14). The siliceous mudstone and
carbonaceous mudstone have a high pore volume, and relative contributions of micropores
and mesopores to total pore volume in both the Gufeng and Dalong Formations. In
contrast, the calcareous-siliceous mixed mudstone is characterized by high mesopores and
macropores, the largest contribution to the total pore volume (Figure 14B).
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Figure 14. Absolute pore volume of micropores, mesopores, and macropores for the Dalong and
Gufeng Formations based on the CO, and N, adsorption data. The dashed lines indicate the dividing
lines among different lithofacies.

4.5. Fractal Dimensions from Ny Adsorption Isotherms

Fractal dimensions were applied to evaluate the irregularity and complexity of the
pore structure, and further assess the adsorption capacity of the shales [35,36]. In this study,
fractal dimensions were calculated using the commonly used Frenkel-Halsey-Hill (FHH)
model based on the N, adsorption isotherm data [23,35]. The FHH model can be described
by the following equation:

In(V/Vy) = constant + K[In(In (PEO)]
where V is the volume of adsorbed gas volume at the equilibrium pressure P, Vj is the
monolayer coverage volume, Py represents the saturation pressure, and K is a constant
associated with the fractal dimension (D) and can be calculated by the slope of the plot of
In (V) versus In (In(P/Py)). The fractal dimension (D) can then be obtained by the following
equation: D = K + 3 [23,34,35].

In our samples, the plots of In (V) vs. In [In (Pg/P)] show two distinct linear segments
and display a good correlation at the relative pressures of 0-0.5 and 0.5-1 (Figure 15; Table 2).
Two fractal dimensions are calculated in this study: D; calculated from the isotherm data
at the relative pressure of 0-0.5, and D; calculated from the isotherm data at the relative
pressure of 0.5-1.
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Table 2. Fractal dimensions (Dy, D;) calculated from the FHH model for the Gufeng and Dalong shales.
P/P, < 0.50 P/P; > 0.50
Sample Depth (m) TOC (wt.%)
Fitting Equation D1 R? Fitting Equation D, R?

JD3-2 335.40 2.23 y = —0.4406x + 1.7174 2.559 0.9975 y = —0.2449x + 1.8295 2.755 0.9904
JD3-4 339.25 6.58 y = —0.3273x + 2.4035 2.673 0.9856 y = —0.1502x + 2.5248 2.850 0.9782
JD3-5 340.50 0.47 y = —0.5115x + 1.2781 2.489 0.9991 y = —0.2633x + 1.4673 2.737 0.9790
JD3-7 343.40 5.67 y = —0.3554x + 2.0597 2.645 0.9852 y = —0.1513x + 2.2383 2.849 0.9412
JD3-8 345.80 6.34 y = —0.3749x + 2.4804 2.625 0.9883 y = —0.1411x + 2.6466 2.859 0.9325
JD3-9 348.20 6.21 y = —0.3862x + 2.1911 2.614 0.9869 y = —0.3862x + 2.1911 2.774 0.9869
JD3-10 350.90 5.17 y = —0.4793x + 2.0241 2.521 0.9960 y = —0.2489x + 2.1934 2.751 0.9690
JD3-12 355.80 7.90 y = —0.3695x + 2.4539 2.631 0.9844 y = —0.1456x + 2.6074 2.854 0.9047
JD3-13 357.90 10.10 y = —0.3833x + 2.7564 2.617 0.9878 y = —0.1732x + 2.9584 2.827 0.9212
JD3-14 360.40 10.27 y = —0.3644x + 2.6232 2.636 0.9847 y = —0.1881x + 2.7359 2.812 0.9606
JD3-15 362.30 6.17 y = —0.3879x + 2.2722 2.612 0.9882 y = —0.1745x + 2.455 2.826 0.9405
JD3-16 365.75 8.57 y = —0.382x + 2.7454 2.618 0.9889 y = —0.1643x + 2.9137 2.836 0.9306
JD3-17 366.50 10.70 y = —0.392x + 2.5468 2.608 0.9879 y = —0.1834x + 2.6833 2.817 0.9199
JD3-18 368.75 8.86 y = —0.3561x + 2.736 2.644 0.9865 y = —0.1617x + 2.9061 2.838 0.9382
JD3-19 370.00 5.68 y = —0.4366x + 2.0654 2.563 0.9966 y = —0.1904x + 2.2783 2.810 0.9578
JD3-21 428.10 1.64 y = —0.4494x + 1.0798 2.551 0.9957 y = —0.3121x + 1.0842 2.688 0.9898
JD3-23 433.40 1.04 y = —0.5002x + 0.6907 2.500 0.9967 y = —0.3319x + 0.7002 2.668 0.9982
JD3-24 436.70 1.01 y = —0.4115x + 0.8098 2.589 0.9934 y = —0.3423x + 0.7121 2.658 0.9956
JD3-25 439.90 1.05 y = —0.5075x + 1.2136 2.493 0.9975 y = —0.325x + 1.2257 2.675 0.9951
JD3-28 448.25 3.09 y = —0.3437x + 1.9205 2.656 0.9919 y = —0.116x + 1.9952 2.884 0.9938
JD3-31 454.85 16.17 y = —0.3347x + 2.9588 2.665 0.9873 y = —0.0671x + 3.1186 2.933 0.8576
JD3-32 456.20 18.36 y = —0.2849x + 3.1535 2.715 0.9740 y = —0.037x + 3.2667 2.963 0.9285
JD3-33 458.75 30.56 y = —0.2648x + 3.2388 2.735 0.9660 y = —0.0426x + 3.2843 2.957 0.9844
JD3-34 460.00 27.45 y = —0.3079x + 3.1802 2.692 0.9779 y = —0.0537x + 3.2975 2.946 0.8965
JD3-35 462.15 25.74 y = —0.3088x + 2.4812 2.691 0.9839 y = —0.2045x + 2.4934 2.796 0.9842
JD3-37 465.70 8.47 y = —0.3116x + 1.8051 2.688 0.9849 y = —0.1636x + 1.8787 2.836 0.9494
JD3-40 470.40 5.35 y = —0.4127x + 1.0012 2.587 0.9945 y = —0.219x + 1.079 2.781 0.9914
JD3-42 473.40 8.44 y = —0.2281x + 1.6533 2.772 0.9763 y = —0.0694x + 1.6873 2.931 0.9954
JD3-45 476.35 11.43 y = —0.3886x + 1.0697 2.611 0.9941 y = —0.1503x + 1.1654 2.850 0.9984
JD3-46 477.35 9.24 y = —0.2791x + 2.3399 2.721 0.9788 y = —0.0992x + 2.3781 2.901 0.9935
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Figure 15. Plots of In (V) versus In (In (Py/P)) based on N; adsorption isotherms for the representative
(A) Dalong Formation, and (B) Gufeng Formation samples. The dashed line indicates the dividing
line of Py/P = 0.5.

For the Dalong Formation, the D; values range from 2.489 to 2.673 (average = 2.604),
and the D, values range from 2.737 to 2.859 (average = 2.8129) (Table 2), suggesting a more
complex pore surface at the relatively large pore sizes. The D; and D, values generally
have a relatively high value in the lower part of the Dalong Formation. For the Gufeng
Formation, the D; values range from 2.493 to 2.772 (average = 2.644), and the D, values
range from 2.658 to 2.963 (average = 2.831) (Table 2).

5. Discussion
5.1. The Influence of OM on Pore Structure

The secondary OM pores are considered a significant component of pore systems in
overmature marine-facies shale reservoirs [8,9,11,37,38] The organic porosity development
in mudstone or shale is the combined effect of many factors, including the thermal ma-
turity [9,11,39], initial kerogen type (organic macerals) [13,40], TOC contents [7,8], and
diagenetic alterations [37,41-43].

In this study, the thermal maturation levels in the Dalong and Gufeng Formations
generally reach the dry gas window, with a vitrinite reflectance (R,) of >2.0% in the study
area [44]. OM-hosted pores are present as nanometer-sized spongy pores and show substantial
heterogeneity in different OM macerals (Figures 7D-F, 9 and 16). The major OM components
are solid bitumen, vitrinite, alginate, and minor zooclast macerals in the Dalong and Gufeng
Formations (Figures 4, 6 and 16). The different organic macerals show different hydrocarbon
generation potentials, leading to notable discrepancies in OM pore development [9,45]. SEM
images reveal that OM pores are generally limited to pores developed within post-oil solid
bitumen (pyrobitumen) void-fillings (Figures 7D-F and 9D-F). In contrast, some macerals
(i.e., vitrinite, inertinite) show only a rare development of sponge-like pores even at dry gas
window maturity (Figure 9C), although contributing to total organic carbon (TOC) content.

The moderate positive correlations between TOC content and total pore volume are
found in both the Dalong and Gufeng Formations (Figure 17A,E), indicating the important
control of OM content on total porosity in these two shale successions. Specifically, the
OM-hosed pores are likely dominated by micropores and mesopores in both two sets
of shales, as suggested by the positive relationships between micropore, mesopore, and
TOC content, along with the insignificant correlation between macropore and TOC con-
tent (Figure 17). This result is verified by the SEM observations where OM pores occur
primarily as micropores and mesopores (Figures 7D-F and 9D-F). The positive relation-
ships between OM content and total pore volume demonstrate that higher TOC content
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samples generally have greater total pore volume. However, the organic matter in the high-
est TOC samples (carbonaceous mudstone) contains rare nanometer-sized spongy pores
(Figures 9A—C and 16C,D). The absence of organic pores in the highest TOC samples is
probably caused by enhanced compaction resulting from the high volume of ductile OM rel-
ative to rigid matrix minerals, and limited thermal transformation into liquid hydrocarbons
of some macerals.

Figure 16. Different occurrence states of organic matter (OM) in the Middle and Upper Permian
Dalong and Gufeng Formations. (A) The secondary OM occurring between the grians, JD-3,
depth = 367.75 m. (B) Nanometer-sized spongy or irregular OM pores, JD-3, depth = 367.75 m.
(C) The striped OM parallel to bedding, JD-3, depth = 458.75 m. (D) OM showing no development of
pores, JD-3, depth = 458.75 m.
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Figure 17. Correlations between TOC content and pore volumes of micropores, mesopores, and

macropores. (A-D) the Dalong Formation; (E-H) the Gufeng Formation.
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5.2. The Control of Mineralogy on Pore Structure

In addition to OM type and content, the pore development is also controlled by ma-
jor mineralogical compositions (quartz, carbonate, and clay minerals) in our sample sets.
The correlation between major components and total pore volume indicates that clay and
carbonate minerals exert the dominant control on total porosity in the Dalong and Gufeng
Formations (Figure 18). For the Dalong Formation, there is a weakly positive relation-
ship between total pore volume and quartz content (Figure 18A), suggesting the possible
positive effect of quartz content on total porosity. For the Gufeng Formation, however,
no relationships were observed between pore volume and quartz content (Figure 18D),
or between total pore volume and biogenic SiO; (the correlation coefficient R? = 0.084),
suggesting that quartz contents have no impact on the pore system, although there are
abundant siliceous fossil fragments and a high excess of SiO, content. This result appears to
be in conflict with the accelerative effect of biogenic silica on total porosity in many siliceous
shales [16,38,46—48]. However, the extremely biogenic silica-rich mudstones (almost close
to chert beds) may display low porosity due to strong cementation [49,50], which may
explain why some high-silica samples (SiO, content >70 wt.%) have a low total pore volume
in the Gufeng Formation (Figure 18D).
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Figure 18. Correlations between total pore volume and primary mineral compositions of the Gufeng
and Dalong Formations. (A—C) the Dalong Formation; (D-F) the Gufeng Formation.

Although dissolution pores within carbonate minerals were observed in some samples,
these pores are not a dominant fraction of the pore system. Negative correlations between
total pore volume and carbonate content were observed in both the Dalong and Gufeng
Formations (Figure 18B,D), suggesting that carbonate minerals have a negative effect on
total porosity. Previous studies reported similar negative correlations between total porosity
and carbonate content [38,40,43], largely due to carbonate cementation. The adverse impact
of carbonate content on total porosity can be further verified by the SEM observations,
where carbonate minerals occur primarily as calcite and dolomite cements filling primary
interparticle pores (Figure 8C,D).

Clay minerals in shales can develop slit-like pores between clay flakes, which makes
a significant contribution to the total porosity [16,40,43,49]. However, shale samples con-
taining extremely high ductile clay minerals generally undergo strong compaction and
display low porosity, leading to the presence of a negative correlation between clay content
and porosity [19,50]. Therefore, the relationship between clay content and total porosity



Minerals 2024, 14, 10

19 of 24

can be complicated due to the two diverse effects mentioned above. Total pore volume
has a weak positive correlation to clay minerals in the Dalong and Gufeng Formations
(Figure 18C,F). This is consistent with SEM observations where abundant silt-like pores
were observed between clay sheets (Figures 7C and 8D-F), indicating the significant contri-
bution of clay-associated pores on the total porosity.

5.3. Relationships between Fractal Dimensions and Pore Structure Parameters

The fractal dimension can be applied to evaluate the complexity and irregularity of
pore structure. The relationship between the fractal dimensions (D;, D;) and the pore
volume of the shale samples is illustrated in Figure 19. For the Dalong Formation, a good
correlation is found between micropore volume, mesopore volume, and fractal dimensions,
indicating that micropores and mesopores tend to be more complex and heterogeneous.
The development of abundant nanometer-sized OM-hosted pores is likely responsible for
the high complexity of the micropores and mesopores.
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Figure 19. Correlations between fractal dimensions (D1, D,) and pore volumes of micropores, meso-
pores, and macropores in the Dalong and Gufeng Formations. (A-C) The relationship between fractal
dimensions and pore volume for different pore in the Dalong Formation. (D-F) The relationship
between fractal dimensions and pore volume for different pore in the Gufeng Formation.

For the Gufeng Formation, the relationships between fractal dimensions (D;, D) and
pore volume show similar patterns (Figure 19D-F). The positive correlations between
fractal dimensions (Dj, Dy) and micropore volume, along with mesopore volume suggest
that shale samples with more abundant micropores and mesopores generally have a larger
fractal dimension. This is interpreted as being because the micropores and mesopores are
dominated by OM pores and partial silt-like InterP pores. Furthermore, the positive corre-
lation coefficient between fractal dimension and pore volume for micropores (R? = 0.51)
is higher than that for mesopores (R? = 0.33) (Figure 19D), suggesting that micropores are
the primary cause of irregularity and heterogeneity in pore structure in our shale sample
sets. In contrast, fractal dimensions (D;, D;) are negatively related to macropore volume
(Figure 19F), indicating that pores with relatively large sizes have a decreasing irregularity
in pore structure.
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5.4. Relationships between Fractal Dimensions and Bulk Compositions

To understand the impact of shale compositions on fractal characteristics in the Dalong
and Gufeng Formations, the correlations between fractal dimensions (D7, D) and TOC
content on the one hand, and major mineralogical compositions, on the other, are illustrated
(Figures 20 and 21, respectively). The positive relationships between fractal dimensions
(D1, Dy) and TOC content suggest that shale samples with high TOC content generally
display a more complex and irregular pore network (Figure 20), which is likely due to
the abundant OM micropores and great surface area of organic-rich shales. Furthermore,
the Gufeng samples seem to display a higher average fractal dimension than that of the
Dalong Formation (Figure 20), probably resulting from the high TOC content in the Gufeng
Formation (average TOC = 8.3 wt.%).
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clay minerals. (D-F) The re-lationship of D2 and the content of quartz, carbonate and clay minerals.

Weakly positive relationships between fractal dimensions (D;, D,) and quartz content
are observed (Figure 21A,D). This interpretation is consistent with that of previous studies
on the Dalong Formation in South China [51]. The absence of correlations between fractal
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dimensions and brittle minerals is also verified by the SEM observations, where pores
associated with quartz are dominated by mesopores or macropores in the Dalong and
Gufeng Formations (Figures 7 and 8). In addition, the surfaces of brittle mineral grains
are generally smooth and homogenous, reducing the heterogeneity and complexity of the
shale pore structure. The fractal dimensions (Dj, D;) are strongly negatively correlated
with carbonate content in the Gufeng Formation (Figure 21B,E). This is probably due to
the occurrence of abundant carbonate cements filling primary interparticle pores and the
absence of micropores related to carbonate minerals (Figures 7A-C and 8A-C), leading to
decreased fractal dimensions. In addition, a weakly negative relationship between fractal
dimensions (D;, Dy) and clay minerals content was observed in the Dalong Formation,
whereas no obvious correlations existed in the Gufeng Formation (Figure 21C,F). These
results appear to contradict those of previous studies, which suggested that abundant
clay minerals generally cause increased complexity in shale pores due to the large surface
area of clays [51,52]. The weakly negative correlations between fractal dimensions and
clay minerals may be related to pore size and the degree of spatial order of the inter-
layer pores within clay minerals [53], although clay minerals provide significant amounts
of pore volume due to the development of numerous sheet-like pores. The effect of
different clay minerals on the complexity of shale pore structure remains unclear and needs
further investigation for the Gufeng and Dalong shales. In summary, OM and carbonate
minerals content exert a predominant control on the complexity of the pore structure in our
sample sets.

6. Conclusions

In this study, the lithofacies, pore structure, and fractal characteristics of the Dalong
and Gufeng Formations in the western Hubei Province, South China, were investigated
by integrating petrological, petrophysical examination, and FHH theory. The following
conclusions can be drawn:

(1) Based on TOC content, mineral compositions, rock texture, and fabric, four mudstone
lithofacies are identified in the Dalong and Gufeng Formations, primarily consisting
of siliceous mudstone, calcareous—siliceous mixed mudstone, argillaceous—siliceous
mixed mudstone, and carbonaceous mudstone. Stratigraphically, silica-rich mudstone
is predominantly distributed in the lower part of the Dalong Formation and Gufeng
Formation, and the lithofacies gradually evolve into mixed mudstone upward.

(2) The pore types are dominated by interparticle pores between matrix minerals, slit-
shaped pores between clay flakes, and nanometer-sized OM pores in the Dalong and
Gufeng Formations. The pore size distribution is predominantly characterized by
a diameter of <30 nm, which is the primary contributor to total pore volume. The
siliceous mudstone and carbonaceous mudstone are considered to be potential target
lithofacies in the study area due to their high total porosity.

(38) The pore development of the Dalong and Gufeng Formations is primarily influenced
by both OM content and clay mineral content. The siliceous mudstone shale with
high TOC content generally displays high pore volume. The moderate content of
clay minerals promotes pore development due to silt-like pores between clay sheets.
However, the weakly negative correlation between total pore volume and carbonate
content suggests a negative impact of carbonate minerals on total porosity, which is
ascribed to the presence of abundant pore-filling carbonate cement.

(4) The pore structure of the Dalong and Gufeng Formations exhibits fractal characteristics
based on the FHH model, indicating the irregularity and complexity of the pore
structure. The pore heterogeneity is predominantly controlled by micropores, and, to
a lesser degree, mesopores, displaying large fractal dimensions (D;, D;) in the range
of relatively small pore diameters. The OM and carbonate minerals content exerts
a dominant control on fractal dimensions, leading to enhanced heterogeneity of the
pore structure.
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